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BASIC STUDIES OF GASES FOR FAST SWITCHES

L. G. Christophorou and S. R. Hunter

I

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

PURP Wi DY

I. INTRODUCTION

wi

A There has been increasing interest in recent years in the possibility
of using inductive energy storage devices as a means of storing and
transferring energy in numerous repetitive, pulsed power applications.

The major advantages to be realized using this technology are that the

O

intrinsic energy density of these devices is of the order of 102 to 103

1 times those for capacitive systems1 and that this energy can be trans-

ferred to the load on the very short time scale of a few nanoseconds.

W S N J.h

The major technological problem to be faced when using this type of
energy storage system is in the design of a repetitive opening switch. [}

A leading contender for this switching concept is an externally sustained E

. .
LAl

diffuse gas discharge operating at gas pressures of one to several

.
Jreaiy

atmospheres. Two possible electron sources have been proposed for the

N, J

external control of the discharge current. They operate by means of gas

jonization by pulsed electron beams (e-beams)2 or by resonant ionization

3

processes of the gaseous medium using a pulsed high power laser, A

L,

number of operating parameters may be defined for these types of switches,

which are common to both switching concepts. These parameters can then
' form a basis for tailoring specific gases and gas mixtures to optimize
these operating conditions as nearly as possible.

The operating principle of the diffuse switch in the energy storage

L STV | A,

{ cycle is given in Fig. 1 (Ref. 1). In the conducting stage, the switch

ul

52 is open, and the switch S1 is conducting by means of a diffuse discharge,
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which is sustained by ionization of the gas mixture using either an

e-beam or a laser. 1n the opening stage, the external ionization source

IR A e W N X K AMERE L &

is removed, thus opening S,, and the switch 52 is closed to allow the

ll
energy stored in the inductor, Ls’ to be transferred to the load, ZL'
It is known, however, that in an inductive system where one attempts to 1
rapidly open the conducting switch, a very large voltage is induced 1
~
‘. across the switch due to the term Vi = -L di/dt (L is the inductance of
3
‘ LS in Fig. 1, and i is the current). This induced voltage tends to '
A
E maintain a conducting arc between the electrodes of the switch S1 and to .
quote Kristiansen et al. ,1 "How to interrupt the conduction process }
against a high-driving voltage is the essence of an opening switch."
ORNL-DWG 82-14374 ]
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Fig. 1. Inductive energy discharge circuit (from Ref. 1).
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The circuit equation governing the electron number density, e in

the diffuse discharge switch, S,;, which is driven by an external electron

1'

beam flux, J,, at a given E/N, is

bl
dne -1
i <de/dx> wa - kaneNa - lenen* . (1)
where <de/dx> is the mean energy loss in the direction of the beam, W is
the average energy required to produce an ion pafr,4 ka is the electron

attachment rate constant, Na is the attaching gas number density, k, is

Ry

the two-body recombination rate constant, and n,_ is the positive ion
number density. A similar expression may be written when the current in
the switch is sustained by resonance (laser) photoionization of the gas

mixtures. The current density in the switch JS is given by Ohm's law,

J = en, W , (2)

where w is the electron drift velocity.

In the conducting stage, the electron current density in the switch
must be as large as possible for a given e-beam current. In order for
the switch to be as effective as possible, the electron loss terms in
Eg. (1) must be minimized. Along with the minimization of the electron
attachment rate constant ka’ the electron ionization rate constant ki
resulting from the applied electric field must be smaH,2 otherwise the
switch opening time will be increased considerably. This source of
ionization can be ignored provided that ki << ka during the conducting
and opening stages of the switch.

Conversely, the electron gain term <de/dx> wa-l must be maximized

so as to enhance the current gain in the discharge by minimizing the




nonionizing inelastic processes in the gas constituents, while attempting
to maximize their ionization cross sections. To maximize the efficiency

of ion pair production, and hence the current in the switch, W must be
minimized for a given gas mixture. A further criterion for enhancing

the switch current, JS, from Eq. (2) is to maximize the electron drift
velocity (or mobility) at the given electric field strength during the
conduction stage. The desirable characteristics of the gaseous medium
during the conduction stage may thus be summarized as follows: (1) maximum
electron drift velocity, w; (2) minimum e-beam ionization energy, W;

(3) minimum electron loss terms ka and kR ; and (4) ki << k

1
In the opening stage, the voltage across the switch increases

a

rapidly due to the induced voltage across the inductor, causing an
accompanying increase in E/N across the discharge gap. This basic
difference between the conducting stage, where the applied conduction
voltage is comparatively small (E/N =~ 3 x 10-17 v cmz),3 and the opening ‘
stage, where the E/N across the gap may increase to values of >120 x
10_17 v cm2, is the key to tailoring gas mixtures with the desired |
operating characteristics.
In the opening stage, the external electron source is ceased, and
the largest rate of decrease in the current of switch S1 occurs when ka
is as large as possible. Similarly, the response time of the switch is
improved from Egq. (2) by choosing a gas mixture in which the electron
drift velocity decreases when the E/N across the discharge gap increases.
The gas mixture must also be able to withstand a high breakdown field
(2120 x 10-17 v cm2) for successful operation of the switch at very

short opening times.

-
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A further desirable characteristic of the gas mixture which becomes

important when it is proposed to operate the switch at high repetition

frequencies and a closed gas system is that the gas mixture be "self-healing".

That is, the composition of the gas mixture is unaffected by the repetitive
operation of the switch.3 This characteristic is unobtainable when
using a gas which attaches electrons dissociatively to form negative ion
and neutral fragments. Repetitive operation of the switch will eventually
alter the composition of the gas, and a possible degradation in performance
will result unless one employs a flowing rather than a closed gas system.
It is desirable in these circumstances that electron attachment proceeds
via stabilization of the parent negative ion. This attachment mechanism
does not lead to molecular fragmentation and thus increases the operating
1ife of the gas mixture in the switch.

The desirable characteristics of the gaseous medium during the

opening stage may now be summarized:

1. Minimum electron mobility, u;

2. Maximum electron attachment rate, ka;

3. High breakdown strength (E/Nzim > 120 x 10-17 ) cmz);

4. Self-healing gas mixtures for static gas-filled switches.

The desirable characteristics of the gas mixture in terms of the electron
drift velocity w(E/N) and ka(E/N) are shown in Fig. 2. The drift velocity
must be large at the E/N values indicated by the shaded region character-
istic of the conduction stage, and ka must be as small as possible in

this E/N range. In the opening stage, w must be as small as possible

and ka as high as possible at the E/N values (indicated by the shaded

region in Fig. 2) characteristic of this stage.
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ELECTRON DRIFT/ATTACHMENT
CHARACTERISTICS DESIRED IN
DIFFUSE-DISCHARGE SWITCHES

CONDUCTING OPENING

STAGE STAGE
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Fig. 2. Schematic illustration of the desirable characteristics of
the w(E/N) and k_(E/N) functions of the gaseous medium in an externally
(e-beam-sustained) diffuse discharge switch. Indicated in the figure
are rough estimates of the E/N values for the conducting and opening
stages of the switch.

I1.  TECHNIQUES

We have used experimental techniques that have been developed in
this laboratory during the past 10 years or so to identify gases and gas
mixtures which have the desirable characteristics outlined in Section I
when used in diffuse discharge opening switches. These measurements
have allowed us to tailor gas mixtures which can optimize the character-
istics required in a given switching configuration.

Measurements of w in pure gases and gas mixtures have been made in

5,6,7

the apparatus described by Christophorou et al. This apparatus has

been used to measure w in gas mixtures for use in high speed proportional

PR A A
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counters and to study the density dependence of w in dense polar gases.

EIRY Y UL

Electron attachment rate constant, ka’ measurements were obtained as a
function of mean electron energy, <e>, in a high pressure electron
attachment apparatus which has been described previous]y.4’8 This .

apparatus has been used to screen highly electron attaching gases for

possible use as gaseous dielectrics in high voltage transmission equip-

PRPINGP. XN

ment.9 These measurements have enabled us to identify several gases

with desirable electron attaching properties for use in diffuse discharge
10-13

aalPh

opening switches.
We have designed and built a new experiment during the past financial

year to measure the W values [Eq. (1)] of selected gases and gas mixtures

c - AP

which have been identified as possessing the desirable electron drift

10-13

velocity and attachment characteristics described above. The

information is not only useful in modeling the electron conduction

AY 44

characteristics in these switching mixtures but also can be used lo
optimize the electron production efficiency by the electron beam by

adding small percentages of an appropriate impurity to the gas mixture.

o o AW

The experimental technique is outlined in Appendix A, and the measurements

are given in Section III.B.

Pl

I111. TECHNICAL PROGRESS
The measurements that have been performed during this reporting

period have allowed us to continue our studies on identifying attaching

N L. PP L SN

gas/buffer gas mixtures which have very desirable electron attaching and
drift velocity characteristics for possible use in diffuse discharge
opening switches. QOur measurements of the electron attachment rate
constants and negative ion production cross sections for several
electronegative gases with the desirable electron attaching properties

have now been pub]ished.8’14’15
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A. New Experimental Techniques

1. An apparatus has been designed and constructed to enable us to
measure the average energy required to produce an electron-positive ion
pair, W, in the energy decay of high energy a particles (E ~ 5.6 MeV).
This information is important in modeling the efficiency of e-beam
switched gas discharges, where the high energy e-beam is required to
produce multiple electron-positive ion pairs in the diffuse discharge.
At high enough energies (i.e., initial energies >3 x 104 eV), the ionizing
efficiencies of electrons and o particles of the same velocity are
almost identical and do not depend on the initial energy of the ionizing
partic]e,4 thus allowing data derived from a-particle energy decay
studies to be used in high energy electron decay studies. The experimentaj
technique and schematic diagram of the experimental apparatus are given
in Appendix A.

2. A new high temperature electron attachment chamber has been
designed and constructed to replace the original apparatus. We found
that the insulators used in the original chamber lost their electrical
insulating properties at temperatures in excess of 300°C, effectively
shorting the electrodes of the drift assembly to grcund. After unsuc-
cessfully trying different types of insulating material in order to
increase the electrical impedance at high temperatures, a different
chamber configuration was designed and built. In this chamber, the
insulating support rods are connected to the vacuum vessel at the top
and bottom of the chamber where the temperature is kept close to room
temperature. A temperature gradient is maintained across the vessel,
such that only the central portion of the chamber containing the drift

assembly electrodes is maintained at high gas temperatures. This
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modification has allowed us to perform measurements up to 500°C with

good electrical insulation characteristics. Operation of the apparatus

at higher gas temperatures is possible but is not achievable at present
due to corona problems at the highest temperatures.
B. Basic Data

We have measured the electron attachment and ionization coefficients

and electron drift velocities 1in 02, CF4, C2F6, C3F8’ and n-C4F10 gases

using a new method of data analysis. The pressure dependence of the
electron attachment coefficient in 02, C3F8’ and n-C4F10 has also been
analyzed. A paper describing this technique and the measurements in
these gases is in preparation. .
Measurements of a/N and n/N in C2F6/Ar and C2F6/CH4 gas mixtures
have been obtained over the concentration range of from 0.1 to 100%
which can be used in modeling studies of diffuse discharge switches. ®

These measurements and their significance have been discussed in a paper

which was presented at the Fourth International Symposium on Gaseous

Dielectrics in May 1984 (see Part C of this section). °
High pressure electron attachment rate constant measurements (ka =

nw/N) have been obtained in N, and Ar buffer gases for the perfluoro-

2
ethers (CF3)20 and (CF3)25 from thermal energy (~0.04 eV) to ~4.86 eV. ®

Both (CF S and (CF 0 have very desirable electron attaching propertiec

372 302
for use in diffuse discharge switches. Knowledge of the electron energy
distribution functions for N2 and Ar buffer gases has enabled us to b'
obtain the electron attachment cross sections (oa) for these electro-
negative gases from such measurements. Single collision negative ion

production studies have been performed for these gases which have identi- ‘

fied the initial negative ion and neutral fragments which will be produced

e . - . oL .
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during the operation of the switching gas discharge. These measurements
have recently been published (see Part C of this section).

Measurements of the electron attachment rate constant, ka‘ have
been made as a function of the mean electron energy, <¢>, at gas tempera-

tures up to 700 K in CCQF3 and up to 750 K in C A substantial

2F6'

increase in the rate of electron attachment with gas temperature has

been cobserved in both of these molecules, which is interpreted as electron

attachment to higher vibrational levels of the ground state of these
molecules. A paper describing these measurements has been accepted for
publication (see Part C).

Electron drift velocity measurements have been made in many gas
mixtures, including CF4/Ar, CF4/CH4, oFe/CHy,s
CF3OCF3/Ar, CF30CF3/CH4, C2F6/N2, CF4/C2F6, and Ar/CH4 over a concen-
tration range of 0.1-100% of the attaching gas in the buffer gas. The
majority of these measurements have been reported at the Fourth

13

International Symposium on Gaseous Dielectrics. A11 these mixtures,

except the CZFB/NZ mixture, exhibit a pronounced negative differential
conductivity region over a wide range of fractional concentrations of
the attaching gas in the buffer gas, and the position of the maximum in
the drift velocity is greatly affected by the concentration of the
attaching gas.13 The ability to tailor the gas mixture to obtain the
desired mobility enhancement over the appropriate E/N range is essential
in order to optimize the operating conditions of the diffuse discharge
in the switch.

Measurements of the ratio of the transverse diffusion coefficient

toc the electron mobility, DT/u, have been made in the attaching gases

CF, ana C,F,_ each in the buffer gases CH4 and Ar, using the DT/p apparatus

4 26

/
C2F6/Ar, C,F./CH C3F8/Ar, C3F8/CH4.

I RN . AT
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at the Australian National University. Preliminary data analysis has

been made on the measurements in the C2F6/CH4 gas mixtures, and the

results were presented at the Fourth International Symposium on Gaseous
Die]ectrics.l3
An extensive series of measurements of the W value have been made

in several binary and ternary gas mixtures containing C The apparent

2Fer

W value of pure C has been found to be very dependent on the total

256
gas pressure and applied voltage (Fig. 3) due to the large negative
jon-positive ion recombination coefficient in this gas. The true W

value of C2F6 has been found to be 34.7 eV/ion pair from an extrapolation
of these measurements to infinite applied voltages (Fig. 3). W values
have also been obtained in the binary gas mixtures C2F6/Ar, C2F6/C2H2,
C2F6/2-C4H8, C2H2/Ar, and 2-C4H8/Ar. Penning ionization processes have
been found to significantly decrease the W value in the latter two gas
mixtures and appear to be absent in the first three mixtures. Measure-
ments of W have also been made in the ternary gas mixtures CZFG/Ar/Z-C4H8

and C2F6/Ar/C2H The measurements in the C2F6/Ar/2-C4H8 gas mixtures

5"
are given in Fig. 4 and indicate that gas mixtures containing Ar and
C2F6 and a small percentage of low ionization potential impurity (such
as CZHZ or 2-C4H8) can be tailored so as to minimize the W value of the
gas mixture and hence to optimize the efficiency of electron production
in an e-beam-controlled diffuse discharge switch. A paper is being
written in which these measurements and their theoretical analysis are
described in detail.

C. Publications

The preponderance of the results from the experiments outlined

above have been described in several papers which have either been
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Fig. 3. 1/W versus 1/V for C2F6 at various gas pressures.

published or accepted for publication. The electren drift velocity,
attachment, and ionization measurements have been presented at the

Fourth International Symposium on Gaseous Dielectrics held in Knoxville,
Tennessee, April 29-May 3, 1984, and published in Gaseous Dielectrics IV
(L. G. Christophorou, ed.)13 (see Appendix B). The material in this

paper is being prepared for an open literature publication. Qur measure-
ments of the electron attachment rate constants and negative ion production

cross sections for the fluoroethers and fluorosulfides have recently
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Fig. 4. W for the ternary gas mixtures 2-C4H8/Ar/C2F6 as a function

of the percentage of 2-C4H8 in Ar/CZF6 for the following Ar/CZF6 composi-
tions: A = 100% Ar/0% C_F_.; B = 99% Ar/1% C_F_; C = 98% Ar/2% CF_;

2'6’ 2'6’ 2’6
D = 95% Ar/5% C,Fg; E = 90% Ar/10% CF.; F = 80% Ar/20% C,F.; F = 80% Ar/
20% C,Fc; G = 0% Ar/100% C,F .

been pubiished (see Appendix C). The molecules CF3SCF3 and CF30CF3 have
very desirable electron attachment properties for use in diffuse discharge
switching applications. Our high temperature electron attachment rate

constant measurements to C2F6 and CC}ZF3 have been accepted for publication

and will be published shortly (see Appendix D). The electron attachment
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rate constant for C2F6 has been found to increase with increasing gas

Lo e gt naan |

temperature. This enhanced electron attachment at elevated gas tempera-

tures may, in fact, be beneficial to the operation of the switch at

T -

these temperatures.

A complete listing of publications and presentations which have

G\ i

been partially or totally sponsored by the Office of Naval Research is

given in the accompanying Publications Report.
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APPENDIX A

The experimental technique for determining the gas ionizing efficiency,
W, in gases and gas mixtures for use in diffuse discharge switching
applications.
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ALPHA PARTICLE IONIZATION EFFICIENCIES OF GAS MIXTURES
FOR USE IN DIFFUSE DISCHARGE OPENING SWITCHES

Experimental Technique

To perform an experiment, open the grounding switch, S, at time tl

Current will flow into high quality (low loss) capacitor C from
charge generated in chamber by a-particle decay in the gas.
The voltage will then rise across the capacitor and is measured by

a very high impedance voltmeter, V.--current drain through voltmeter

1
should be negligible in comparison with current in the circuit (i.e., R

N 1014

Q).

To keep the E/N constant across the drift gap, the voltage rise
must be compensated for by applying an equal volitage to the other side
of the capacitor. This is done by connecting a 5 V power supply and
linear resistor to the earthing side of C and adjusting the potentiometer
to increase the voltage to keep the voltage in the circuit ~0 as measured

by V The voltage in the compensating circuit is monitored with the

1
voltmeter, V2‘ and when the voltage has risen to a given value, say Vx'

the experiment is stopped and the time to reach the vo]tage--t2 =t 1s

recorded. The grounding switch is closed, and all potentials returned
to zerc and the procedure repeated at a different gas presuve, applied
voltage. or gas composition and different values of t2 are recorded.
Data Analysis

The energy required to produce one electron-ion pair, W, is derived

as follows:
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and the rate of change of charge on C is

dq _ . v
dt dt -

The number of electron-positive ion pairs formed is given by

Total change in charge across C _ C dV
electron charge dat -’

|

The total energy deposited in the gas/minute by the o source is =

NE - no. of aos per minute x energy of each o.

energy deposited/minute _ NE e

Thus W = no. of electron-ion pairs formed/minute ~ C dv/dt °

knowing N, E, and C and measuring AV and At we can find W.
In practice, if W for argon is known, then an unknown W for a mixture

can be found from

W
av

Ar _ wunknown

Ar ATunknown

By measuring the AT for argon and the '"unknown' gas mixture [i.e.,
the time required to charge C to a given (aribtrary) voltage]l, W of the
mixture can be found.

The accuracy of the technique can be found by measuring AT in argon

and nitrogen and by measuring the ratio

A a4 2

a0 W,

@ L

L. VR e, _J1

nJ

Y\ SO




e L A e A R L A e e i e e T A N S M R A e Bk S i I AP A S
- B N - - ST . . . <. P AL . -t «T T

We have found the ratio to be within ~0.2% of the generally accepted

ratio of W and NN
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TRANSPORT PROPERTIES ANI DIELECTRIC STRENGTHS OF GAS !
MIXTURES POF USE IMN LIFFUSE DISCHARGE OPENINZ: SWITCHES )

P T T

4
q t
d § R Hunter.* J. G. Carter. L. G Christophorou.* and V. K. Lakdawvals
b
Atomic Mcleculsr and High Vecltege Physics Group
t Health and Safety Research Davasic:
g Oak Ridge Netionel Laboratory
r‘ Oak Ridge . Tennessee 3783)
*Alsc. The University of Tennessee. Knoxville Tennessee 3799¢
{ 1}“resem address Deparument of Electrical Engineering 0Olc
Domairaor. Uriversaty, Norfolk, Varginia 2350¢
A
e ABSTRACT i
P Gas mixtures for possible use ir. diffuse discharge switching applications require ’
both higt dielectric strength and specific transport properties an the conducting [

an2 the opening stages cf the operatior. of the switch Ir the conducting stage.
the electror draft veiocaity must be large, and the electror loss processes (e.g
due tc electror sttachment ané recombinatior! must be lov sc as tc maximize the
efficiency of the current gair ir the discharge while mainteirning low discharge
ampedance 1r. the opening stage. strong electror. attachment along with haigh
dielectric strength 1s required of the gas mixtures in order to extinguish the
discharge as quickly as possible (and. thus achieve a fast opening time) to
prevent arcing occurring betweer. the switch electrodes due tc the high voltages
induced across the switch in the opening phase. 1In this paper. we will present
measurements of the electror. draft velozaty, sttachment, diffusion and ionizs-
tior coefficierts, and higt voltage dielectric strengths of several gas
mixtures proposecd as candidates for use ir diffuse discharge switching applica-
tions These include CaFg/Ar. CoFo/CH,. CoFg/A.  CoFg/CH,. CF /Ar, CF /CH,.
CFJOCFy/Ar. and CF,0CFy/CH,. For some of these mixtures. the above transport
and dielectric strength measurements have beer. performed over the concentrataor
range from C tc 100% of the sttaching Qes ir. the nonattaching buffer gas
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KEYWORDS

Electror drife veloz.ty: d:ffusior” 1orn:z8tior attachmen: coefficaents duffuse

d:scrarge switches pulsec power hegative differentisi condusiivity §
INTRODUTTION

There has beer considerablie interest ar recent years 1ir the possibilaty of using
inductive energy storage devices as a means of storing and rapidly transferrang

&

electrical energy 1ir. numerous pulsed powver applications The pramary advantage tc r

be gained from the use of these enerqy storage devices is that they have potential .

energy storage densities 10( to J00I times that of comparable capacitive storage 1

systems (Burtor. ané co-workers 187¢%,6 Kristianser. and Schoenbact.. 1981). One of
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the major problems to be faced with this technology before it car. be antroduced ar.
a number of applications is that these inductive energy systems require s switch-
ang device that can repetitively switch (repetitior rates > 10 pps and more thar
10% shots) hagt currents (e.g.. 10C kA for 4nertaal fusion confinement) wath
operiing times ©of the order of & few nanoseconds ané being capable of withstanding
high voltages (>100 kV) during the opening stage without breakdowr. (Kristianser
and Schoenbach. 1981, 1982). :

\

: One of the most promising contenders for fast repetitive switching is ar externally
. sustained diffuse gas discharge operating at gas pressures of one tc several
; atmospheres. Twc different types of external electror. sources have beer. proposed

for the control of the discharge current. They are by means of volume Qas iornizea-
tior. by pulsed high enerqy electror. beams (“e-bear controlled . e.¢ . Hunter
197¢. Fernsler and co-workers 1880} or by resonan! ionizatior of the gaseous
med:um using & pulsed high power laser ("optically controlled . e.g . Schoenbacth
and co-wvorkers. 1982)

[ DIFFUSE DISTHARGE SWITCH OPERATING PARAMETERS
p
S The motior. of the charge carriers in the daffuse discharge draver. by ar. external
e electror. bea »f flux .‘Ja et a givern E/N 15 Qoverned by the following continuity
# eguatiorn
P T.
P
h dar.
. [3 - S .
. £ _ /A, e . . -
at -\ ) * kane.'l loneku NPy (1

where <dc/dx> is the average energy deposited in the gas by the electrons frow the
e-bear in traveling a distance dx, W 1s the average enerqy required to produce arn
aon pair (and includes a contribution to the volume ionizatior by excited state
zonazatior of a lower 1onization potential gas additive in the case of Penning gas
mixtures), k_ is the electror. ionizatior. rate constant, k_ is the electron attach-
mern. rate constant. as the two-body electron-ior recomtinatior rate constant
(ar. highly attaching gas mixtures recomtinatior due tc hegative lon-positive ion
neutralication will alsc be a sigrnificant process), n_, L N . ang N_ are,
regspectavely, the electron, positive ion. attaching gas, ancd total gas number
densities Similar egquations ma) be written for the positive and negative jons
produced in the discharge.

The electror current density .:Ve ir. the discharge 1s gaver by

ar,e 811e
:e(r,x- c e r.tv-bl—a:-b,’-s; . (2

an? .:s dependert or. the electror drift velocity w.  the long:tudire. L anc trans-
verse D_ diffusior. coefficients and where r 1s the radia. direztio: perpendicuiar
tc the applied faield At the gac pressures proposed for mos: switching applace-
taons (P, 2 1 atm), the diffusior terms ir. Eg (2) are negligibly ssall ar coe-
parasor with the electror. Arift wvelocity, W. The positive and negative ior current
densities (J = ern v and J_ = er_v_, respectavely) dec not play & sagnifacant rele
ir. the transient stages (e.g., ir the opening stage) of the switching actior of
the discharge However . the positive and negative ion flumes in the discharge dc
ceuse sagnificant space-charge dastortiorn.., such that the electric field withar the
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discharge is spatially deperdent. and Poisson's equatior. must be solved ir order
tc determine the faeld. 21 ¢

iy e av
E;! s - ™ (r.‘ n_ - n.\ and E = progi (3)

where ¢, 1s the perx:ti.vaty of the gaseous medium

witr the a3¢ of Egs (1 and (2: 1t 1s possible tc establish several requ.rements
of o gas mixture 1ir the d:ffuse discharge which will optamize the performance of
the svatch The condustavity of the discharge sust be maximazed while the swatct
1s conducting {3 e . the vcitage drof and hence the E'N. across the discharge
shocld be low (E'N £ 2 > 10717 v cp?, Schoenbact and co-workers, 1982) tc mirnim:ize
povwer lossss and corseguently gas heating effects ir the switch]. The operang
time of the switcl mus: be ac short as possikie (1 e largest rate of decrease 1
tre discharge currer® once the e-bear has beer switched off ir order tc maxium:ize
the vcltage GQevelopecd acros: the inductive energn storsge device (1.e¢ | V =

-1 d1/@:. where L 215 the inductance; Consequertly the elect-or conductivity ar
the discharge Bus?! be m:nimizel during the opening stage and the gas B xture mus:
be able to withstand hig! transient vcitage levels (E/N > 107! v cw?; while the

swi.tcl 1s operiing

These operating conditions allow us tc define several desirable characteristics of
the gaseous medium ar the conducting (los E'N. and operaing (high E/N. stages of

the switching actior. Ir. the conducting stage. the reguiremerts are as follows

1. Maximur electror drift veloZity v - the larger w 15, the hagher the conductav-
ity of the discharge and the greater the current density in the diffuse
discharge.

2 Minimur e-bear "ior.izatior. ener@y' W - the smaller ¥ is, the greater the

current gain ir the discharge wvith a consequent increase in the efficiency of
the coupling of the e-bear to the discharge and a greater control of the
resultant discharge curren:

3 Minimur electror loss terms k and - the conductivity of the discharge
drastically decreases anc space-charge problems increase wher. the highly
motile electrons are converted intc relatively immobile negative ions
Simalarly., conductivaty will decrease 1f electror and negative iorn-positive
ior. recomtihatior ir the discharge s large BQue tc the loss of the charge
carraiers A further proties tha: results frow large recombinatior, coeff.-
cients 1f tha: the currer: gair ir the switch will decrease. an? the energ:
released 1ir the recom: .natior procest wilil result in increaseld ga:z kinelic
energy csusing heatin; prob.em: it the gar under repetitive operatior

4 Mirimum jor.iratior rate constant k- the conduztavaty of the ge. 15 reguiirec
tc be completely corirclied by the exilerna. 1On12at10T SOuUrCe oLherwis: the
orer.ng time of the sw.'C' wii. be consideradly increasel due tc adci:tiora.
gas 1or.zatior wher the e-bear 15 svitched off (Fernsler and co-workers.
198

1r. the opering stage the requ.remer..s of the gas mixture are as follows

1 Minimupr electror draft velocaty w - i.e. ., reduced electror. mobility ané hence
lowe: electrorn conductivity ir the gas maixture
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Maximur electror. sattachment rate constan! k- 1.e¢ . lower gas conductivity
by converting highly mobile e’ectrons intc relatively immob.le negative aons
and by removing free electrons from the discharge reducing the current
density due to additaonal ioniratior processes as the E/N ycreases

3. High breskdown strength E/N (defined as the E/N ot whach k= k)

> 10735 vV cx? - the hagher tfe value of E/N . the faster the pg}r;ssible
rate of decrease ir the electror conductivaty ar the discharge anc hence the
shorter the opening tame of the switch

4 Self-healing gas mixtures - for closed cycle operation without: a tame depend-

ent degradstior ar the performance of the switch. it 1s required that the gas
mixture compositior nc! change wiatl time Tne Qases ir. the swaitch car be
fragmerted exther by collasions with hig' energy electrons from the e-beanm cr
by neutral dissoclatior. and dissociative attachmert processes OCCUrring
during the diffuse discharge. particularly duraing the opening phase where the
E/N quickly rises to very large valuer (E/N 2 1073 Vv cr?y Tris protlen car
be reduced by using gases that sttack electrons nondissociatively and alsc
have low neutral dissocietior cross sectiont and large neutral-neutral and
negative 1on-poslitive 1or recomtinatior. coefficients at high E/N value

5. 1n phetoexciteld and photoionired gas discharges (reqguired for laser-controlled
discharges) 1t is desarable tc have ar electror attaching gas in whaclh elec-
tror. attachmen! car. be ancreased (or decreased: from phctoabsorptior of the
laser radistior. (Schoenbact and co-workers, 19B2).

The desirable characteristics for the E/N dependence of v anc k_ for the ga:
mixture ar. the daffuse discharge are showr ar. Fig 1 (Christophorou and co-workers

1962e 1983

EXPEFRIMENTAL MEASUREMENTS

Ir. this sectior we outline some of our recent measurements of the electror attach-
ment. diffusior.. and 1onizatior. coefficients electror drift velocities and break-
dowr. field strengths of several gas mixtures whicl we propose as candidates irn
diffuse dascharge switch applicataons Some of these dats have beern reported by
us elsewvhere (Chraistophorou and co-workers, 1975, 1982a, 1952, Carter and co-

workers . 1983)

Electror. Attacthmen: and Jornizatior

Hig pressure (F_ > 1 stm) electror asttachmer: studies of the perfluorcalkanes
{Hurte: and Chrastophoro., 1964) and severa. fluorinated ethers (Spyrou and cc-
workers 1984 heave showr tha: severa. of these mclecules possess electror sttach-
mer: rate constarts which hsve desirablie energy dependences for diffuse dAischarg
switching aprlacations (1.e.. they attac! electrons efficiently a° hig. energ.es
and have mucl reducecd electror attachmer: rate cornsiants a' near-thermal energ:es.
These measurements are swmmarized ar Fig 2 ang have beer ob:sinecd using the
high-pressure swvarm techriqgue outlined by Christophorou (1971) and Hunter ars
Chrastophoro. (1984). The molecule C,F, 215 partacularly noteworthy ar tha:
electror attschment tc this molecule at atmospheric pressures is predominantly by
parent negative 1or stab:lizetiorn, and thus this mclecule could possibly be used

ir, closed-cyzle switches

Ir order to better characterize the transport pasrameters of the electrons in gas
mixtures of practical significance, we have measured the electrorn attachment
coeffaicient n/N. in pure CyFy (F1g. 3) as well as the effective ionizatiorn
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ELECTRON DRIFT/ATTACHMENT
CHARACTERISTICS DESIRED IN
DIFFUSE-DISCHARGE SWITCHES
CONDUCTING OPENING
STAGE
/
l/
ATTACHMENT
DRIFT
VELOCITY I/ CONSTANT
(w) / ik,
/
/
/
\\‘ //
/“~‘_
V4 - - e

E/N (10-7? Vem?)

Fig 1. Schematic illustratior of the desirable characteristics of the w{E’/N: and
k.(E'N, functions of the gaseous mediur ir. ar externally (e-bear' sustained diffuse
discharge swatclh. Approximate values of the E/N for the discharge ir the
conducting and opering stage: of the switch are showr ir the figure (Christophorou
and co-workers, 19€2a).

coefficaent (O'I + n)/ph. (where ©_ 15 the unnormal:zed Townsen? joriratio:
coefficient. and p is the fractaonal concentratior of the attacking gat ar the
buffe: gas  ar C, Fg /Ar (F1g 4a: anc C,F./CH, (Fig 4t gar m.xtures The attach-
me:.. coefficient measurements ar. C.F, are pressure deperden: (f.z ' as het beer
founc ir eleciror sttazhment studier tc C,F, 1r & hig'-press_ce A- buffer ga:s
‘Myrte: anZ Chr.stophoro. 1984, ° With our preser:i techn:igur (Hutte- and co-
wirkers 1964 we are urable tc separate o /M ancd r,'hN ir gaser where FN 3¢
deypende-t or the ge: pressure Corsequently we presert the fi'N value: 1r .C:,’,
up tc oornly 167 » 1077 ¥ et beyornc whict 10ni281.07T processe: are expectec t¢ be

Using thic techruque wmear. electron energies <t> Uf tc ~4 S el are obtainatle at
comparatively low E/M values (St » 107!7 V cr?) as the electror enerqy gair and
loss protesses 1r the experiment are dominated by the elastic electror. scattering
cross sectior. of the Ar buffer gat Ir. conitrast the <t> of pure C,F, ever at
E/N vaiues as hagh as 1.5 » 107" V ew? a5 orly ~Z 5 eV, and thus the twe exper.-
wents are probing the same mear enerqy range anc. correspondingly. the same
eiectrorn attachmern' processes
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Fig 2. Totel electror asttact.-

ment rate constants 85 8 functaior
- of the mear. electror energy <¢>
for CF,. CoFg. CaFy CFoSCFq.

rE "Q‘, and CF,0CF, (Hurter anc
KT ! ® CFnS77e Chrastophorou 1984 Spyrou and
- # *. co-workers. 1984).
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sagr.aficant (Naidu and Prasacd., 1§72; The measurements ir the C,F¢ gas mixtures

andicate that the peak ir the electror. attachment ir. these mixturec car. be posi-
tioned at appropriate E/N values by either varying the attaching gas-buffer gac

comtinatior. or by varying the percentage of the attaching gas ir. the buffer gas,
suct ac tc maxim:ze the rate of decrease ir. the conductivity of the discharge and
thus minaum.ze the operiing time of the switch

Electrorn Draft Velocity

Measurements of w in gas mixtures comprised of CF, CoF,. CyF,. and CF,OCF. ir
buffer gase: of Ar and CH, are giver. in Figs. 5-E. These measuremerts were
obtained using the technigue outlined by Christophorou and co-workers (1962-: and
were made over a concentratior range of (.1-100% of the attachinc gacs air. the
buffer gas All of these ga:s sixture: extibit & pronounced negative differential
conduriivity (NDI: regior over 8 wide range of fractional conzentrations of the
atraching gac 1ir. the buffer gac (1 e # regior. over which the electror Qra€t
veiocity decreases witl increasin: E'N ar contras: tc the more usua. bernavicr
where w increases witht E'N Ferrovic and cc-workers (1984  anc Robsor (19564
have recer:ly quantified the concd:tions under whiach NDI car occu: Fer NIT tc be
ex*itited by 2 gas maxture 1t 1s essential that the gas or ont of the consi:tuents
of the gas mixture. possess 1nelastlic processes with either a rac:div increas:n:
threshold scattering cross sectior. or a crost section with & rapic.y decreasanc
higt-energy tail. Negative differential conductivaty is alsc enhanced ar. the ga:
mixture wher the elastic scatterinc cross sectior. increases rapidiy with energqn
along withr the inelastic crose sectiorn Further enhancement occurs wher the
inelastic procest has a threshclc at relatively large electror. energies The use
of gas mixtures in which one gas possesses predominantly elastic scattering at los
electror. energies and a deer Ramsauer-Townsend minimur in the elastic scattering
cross sectior with a rapidly increasing momentur transfer cross sectior. O at
hiagher electron energies (e.g , the heavier rare gases), and the othe: gas 1s a
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Pig 3. Electroh attachment coefficient n/N_ as a function of E/N for C,F, 8t the
gas pressures indicated in the figure
[
molecular gQas possessing large resonant inelastic vibrationsl scattering processes 3
at electron energles in the range 1-4 eV, allows one tc change the degree of the 1
N effect and the E/N range over whach it 1s observed (Chraistophtrou and co- :
werkers, 1979;. This abilaity tc tsilor the ges mixture tc obtair the desared d
effect over the appropriate E/N range 16 essential ir order tc oplamize the opera- - 4
1:ng conditions of the diffuse discrarge ar the switch
-
Tre peak values of v and the E/KM values 82 whicl they ocru: are pletted ar Figs 9e ’4
an? 9t respectively. as & functtio: of the percertage ¢f the ettaching gaser CF, 1
C.F¢ and C.F, 3r the buffe: gaszs Ar and Cr, 1t 1s apperern: from these figures R
(arZ Figs S-&: the! geas muxt.res comg-isel of 2.5% of any of these attaching
gases 1r. Ar possess peak v values of »i(° c® $7¢ whiie st all concenirations of .
the attsching gas irn CH, the peak value of v 1s 1¢7 cm 5°? or grearer. Purther. 9
1t 15 eviden: from these findings tha! by varying the concentratior of the attach- )
ing gas 4ir. the buffer gas. the w(E/N. functions car. be choser tc have maximux »
values in the E/N range of 1-1C > 1C"!7 v c&?, whick 18 roughly the range charac- -
teristac of the conductior. stage of the switch It a5 seer from Figs. 4-9 tha: 4
the maximum of both n/N (E/N, and w(E'N) shifts to higher E/N values as the con- E
centratior of the attaching gas as increased The value of the mear. electrorn .
energy <r- ir the mixture decreases with incressing attaching gas concentrataior., N
and as a conseqguence, the value of E/N which corresponds tc the mear energy for ‘
.4
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rig 4 The electror attachmen: coefficient n/N_ for C,F, and the effective
ioriazation coefficaent (o, + n}/pN, (vhere o_ 21s the unncrealized Towrsend
ionigetaior coefficient md’p A8 the '&u:uonn'. conrertratior of CyF, ar the buffer
gas’ for the gas mixtures (8, C,Fe/Ar and (b) C,F¢'Ch, The actua. paramete:
messured in the electror sttachmert experiment 1s (o, + N} (ir units of c™ !
This measurement car be either normalized tc the sttaching gas number density N
wher. @, = 0 tc obtair the normalited attachment! coefficient of attaching 9.5.
constlzuen‘l of the mixture, ©r it car. be normalized tc the tota)l gas hnumber density

NT to find the effective ioniratior coefficient of the BiXture as a whole

whact w or N/N_ maxikize inCreases This ability to teilor the gas sixture tc
positior. the saximur in ¥ or n/N_ at given E/N values aliows consideratle freedows
ir. desagning the operating parn&eu of the diffuse discharge switches

DTIv Measurements

Measurements of D_/p in CF, and CpF¢ in buffer gases of (H, and Ar have beer made
using the L_/p apparatus at the Australiar National Uraversity (Cromptor and Jory
1962 Preliminary analysis of the measurements an C,Fg/CH, gas maixture:x hat bee:
made. the I /) dats are quver ar Fig 10 These data along wit? those or »
n/n . and (:. + 0 )/;»N1 ir Fage. 3 and 4. will be usec air o Bolizman: eguatior
analys:s of the eiectror. motior irn these Qas mixtures tc obtsir anfcrmstior or the
electror scattering processes anc the electror energy distributior functio: as a
functior. of E/N and gas compositior

Breakdowr. Field Strength Mesasurements

The high voltage d uniforr field breakdowr. strength. (E/N; . has beer measurec
in maxtures of the attaching gases C,F, and C,F, in buffer laue: of Ar and Ch,
{Chrastophorou and co-workers, 1983). These measurements are gaver. ar Fag 11 and
andicate that gas mixtures composed of 220% of CyF¢ or CuF, ir Ar have (E/N,
values ir excess of 107’5 V cx” and car thus withstand the voltage levels crafd?.
teristic of the opening stage of the swvitch The C,Fo/(H, and CyFg/CH, maxtures
possess high breakdowr strengths over s wider (and lower) range of concentrations
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Fig 11, (E/W) versus percentage of CoF¢ or
CyF,y in the buffer gases Ar or Oi,. The total
gas pressure was 108.7 kPa at a temperature of
295 K. Nc ultraviolet (UV) arradastion of the
electrode gap was Bade except for the C,Py/CH,
mixtures; as a result the (E/N)_ . values for
Colg/CH, mixtures are ~5% lower Han they would
have beer without UV irrsdiation (Christophorou
and co-workers, 1983).

of the attaching gas in CH, enabling & wider choice of gas mixtures to be made
while still maintaining high breakdown field strengths.

DISCUSSION

Ail the gas mixtures dascussed in this paper are considered to be good candidates
‘ for di.ffuse dascharge svitching applications This conclusior is supported by the
| ] recent findings anc interest (e.g Bletzanger. 1983a.} BPyszevsk: anc co-workers.
- 1984 Runhard: 1984 Scherrer andé cc-workers. 1984 Schoenbact and co-workers .
1984 3yr using the mixtures ir sctual e-bear swvitching devices Bletzinge:r
(1983a.b) has shown that the current decay ir the diffuse dascharge 15 dominsted
by recombinatior processes &t early tiwmes anc that the decay car be considerably
enhanced at later times by the additior of small amounts of the perflucroalkanes
CF,. CyF¢. 8nd Cy F, to the discharge. Knowledge of the nature and magnitude of
the recombination processes in the discharge, along wvith the gas onizing

L efficiency of the e-bear (vwhich is a measure of W--the average energy required to
produce & positive ion-electron pair in the discharge) would be of consideratle
value in modeling the temporal behavior of the electroh conductivity an the das-
charge. Reasurements of these parameters and the decomposition of the gas by the
external electron beam are currently in progress at the suthcrs' laboratory. The
effects of gas heating on the electron transport and breakdowr. properties in the
discharge are also required and are also presently under investigstion
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The studies outlined ir this pape:r and the continuing investigations wi.. a.low
@ccu.rete model:ng cf the ofler com;.ex anc interre.ated preromens tha: occur
withir the diffuse discharge Tris ar turr. will sliow the Overal) perfcrmance
of these owitchang devices tc be predacted sccuretely and as @ conseguence the
taiicring of the gaseous consiituerts anc operating parameiess of the discharge tc
achieve optimum perfcrmance
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Studies of negative ion formation in fiuoroethers and fluorosulphides using
low-energy (.. 10 eV) electron beam and electron swarm techniques®

S M Spyrou® S.R. Hunter,® angL G Chrnstophorod
Atumi. Maolecuiar. and High Voltage Physics Growp Helli# ana Scfens Research Dicision Och Ridgs
Aarniona. Laboratory. Oah Ridge. Tenncssee 37837

{Received 13 June 1984, accepted 12 July 1984

i'he attachment of low-encrgy (< 10 eV electrons to four flucroethers 1ICF,OCF,. CF,OCF.H,
CF.HOCF,H and CF,0CH,} and two fluorosulphides ICF,SCF, and CF,SCH i has been studied
using a ime-of-flight mass spectrometer (TOFMS. and a high pressure electron swarm technique
The relative cross sections as a function of incident electron energy for all observed anions were
measured by employing the former, and the total absolute electron attachment rate consiants
were measured by employing the latter technique All six molecules were found to attach
electrons dissociatively. The types and relative intensities of the fragment anions depend strongly
on the number and relative positions of the F atoms in the molecule and on the presence of O or §
atoms in the molecule. The fluorosulphides attach lower energy electrons than do the
fluoroethers The magnitude of the total electron attachment rate constants increases with
increasing number of F atoms in the molecule. The observed negative ions (in decreasing order of
intensity: and the positions of the peak intensities {given in parentheses in eViare F715.3) and
CF.0" 148 from CF.OCF,, CF,07i3.7,. F (57, HF. +6 1;, CFO {5 9;. and CF, 16.7/ from
CF,OCF.H: CF,07{3.0,. HF; (4.7i. F 5.0}, and CFO " (4.9} from CF,HOCF,H. F ~16.7: from
CF,OCH;; CF.§${0.6) and F ~(3.8: from CF,SCF,: CF,S™ |~ 0.0, from CF,SCH, Energetic
considerations were employed to identify possible fragmentation mechanisms of the negative ion
states {N1Ss: leading to the production of the observed fragment negative ions and to deduce
values for the electron affinities of the radicals CF,O and CF,S. CNDO /2 and MNDO molecular
orbital calculations were performed on all six molecules investigated in an effort to rationalize the
types, relative intensities, and positions of the maxima in the cross sections of the observed anions.

L. INTRODUCTION

The study of the attachment of low-energy (0~10 eV)
electrons to “the fluoroethers {CF,OCF, CF,0CF;H,
CF,HOCF,H. and CF,0OCH,i and fluorosulphides
{CF.,SCF, and CF,SCH, iz of basic and of practical interest.
These molecules are an attractive group to study the effect of
atomic substitution in the molecule on its electron attaching
properties. In addition, since the electron attachment rate
constants for these molecules are pressure independent (see
Sec 1! B . they provide a straightforward comparison of the
results obtained by the electron beam and by the electron
swarm techniques. From the practical point of view, the
magnitude and energs dependence of the attachment rate
constants for CF,OCF, and CF,SCF; are such as to make
them good gas dielectrics, and also good electronegative gas-
es to be used as additives in gas muxtures for diffuse—ds.
charge switching applications. '~

H. EXPERIMENTAL

Both the TOFMS and the electron swarm technigues
employed in the present study have been described previous-
ly (e.g.. see Refs. 3 and 4). In the TOFMS experiment a heat-

* Research sponsored by the Office of Health and Environmenta! Research
and the Drvision of Electric Energy Systems of the U'S Department of
Energy. unde: contract DE-ACOS-840R 21400 with Martin Manens En.
ergy Systems Inc . and the Office of Naval Research. under contract DOE
No 40-1246-82

® Also, Department of Physics, The University of Tennessee. Knoxville,
Tennessee 3799¢

J Chem. Phys 81 (10), 15 November 1884 002°-8606/84/224481-13802 10

ed filament is used to produce an electron beam with full
width at half-maximum (FWHM) of ~0.5 eV. With the re-
tarding potential difference technique (RPD)* a quasimon-
oenergetic electron beam is achieved whose FWHM is usual-
ly ~012-0.15 eV. However, the intensities of the majority
of the anions in the present study were too low to allow
applicatior. of the RPD method. The energy resolution of the
electron beam in the present experiment was assumed to be
approximately constant over the total range of electron ener-
ges ( ~0-10 eV; employed. The shape of the electron beam
energy distribution was monitored by observing the very
narrow (FWHM ~ 10 meV?® SF, " resonance which peaks at
~0.0 ¢V.” The SF, gas was always admixed in the system
with the gas under study To remove the effect of the broad
electron energy distnibution on the measured relative cross
sections an unfolding procedure’ was employed. It was
found earlier’ that by using this procedure the unfolded
cross sections were comparable or narrower than those ob-
tained by application of the RPD technique (see Sec. III;
compare data in Figs. 1 and 2, see also Fig. 3)

In the electron swarm experiment the determination of
the electron energy distribution function fle, E /N ) and
hence the mean electron energy (€) is more complicated, as
it not only depends on £ /A, but also on the gas under study.
Moreover, the electron energy distribution functions are ac-
curately known for only a few gases. In the present experi-
ments the measurements were performed in both N, and Ar
buffer gases for which fie.E /N )are known over the range of
E /N values we used. The elastic and inelastic scattering

‘c 1884 Americar Institute of Physics 4481
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] cross sections in Ar and N,. the numerical solution of the attaching, gas number density in order to remove the effect of 4
Belizmannequation usedtoobtain fle.£ /N jand theaccura- the attaching gas on the electron energy distribution func-
¢y of the recultant distribution functions used in this study tion. This problem is more acute in Ar and can lead to large y
have been previously described.* Small quantities of the at- uncertainties in the measured attachment rate constants
L‘ taching gas under study are mixed into these buffer gases at when these are small {see Sec. 111 B). ’
[ such concentrations, that the addition of the attaching gas The present swarm measurements were performed at ]
T does not affect the electron energy distribution function of  room temperature ( ~ 300 K} using high toi .} pressures P, in )

- the buffer gas alone. When, however, the attaching gas did the range 0.13 < P, < 1.0 MPa and over a mean electron en- 1
i not attach electrons efficiently, a high concentration {up to ergy {€), which ranges from thermal energy {~0.04 eV 10 i
\ ~ 1 part in 10%) of the attaching gas was required, and the ~1.0eVfor N, and from 0.3 to 4.8 ¢V for Ar. The measured ]
@ measurements were performed as a function of the partial electron attachment rate constants k,(E /N ) and the buffer »

y

. CF30CF; (PERFLUOROD:METHYL ETHER; CF30CF oH {PENTAFLUOROD IMETHYL ETHER,

R w} 1w» - 1
- (a; b e CFaC~ (b) ‘ﬁ", srab e ° CFsC (xh
g SN oy T g T o creT(xan
> s ° . ‘ 1 e TS ettt ecor0 ] 4
( < : C N ALY HRR(s »
& = ¢ . 4;{'\;,'.', sFPxes ]
I f © "':( * Ky ..°
. £ ¢ M-S A 1 ]
{ N SRR ]
R - 2 o s v ;
: = ;’\J
£ ° A_ - 1
' £ ¢ ‘ e e o o 2 4 U U 10 2 FIG 2 Negative 1on intensity as & functhon of »
—- ' 12 ] j electron energy ¢ (unfolded datal for : (a ]
% CF QHOCFoH (L122 - TETRAFLUOROD | METHY. ETHAR) CF30CH; (222 TRIFLUOROD | METHYL ETHER, CF,OCF,. (b1 CF,OCF,H, (c) CF,HOCFH., (d)
- ® ot © Cry07(x) » o f:c A 1 CF,0CH,
i © oG 4 . o (12) (@ < <,
> a o 0 4, - [ ] ¢ c 4
= ° ° ‘-‘A.A s HP(x4: ¢ ¢
| = P L N % 1
[ © Y e ¢ < 1
{ Z, © N Cr .1
4 :L .
. ;

. ¢ % ;
p ¢ p
b 2 s “\ -

o N{A
r' o 2 4 [ L ] 1]  § 4 ] 8 10 2 {
! ELECTRON ENERGY. € (eV) ]
t J Chem Phye Vol Bt Nc *( *E N~ a~her 1084 ,.
¢ . " : J
A R R SRR PSP A A s - P D . b W . W ) A . PR WP T DN S Wy Py




T e p——

e i et i i R A LS I T T
' et
1
Ro vl T gy gremnator funinohs e N wern sthowet ar Fapg O Tre relative peas aniens Des positinoo of
Ut @ e th ahe i e altalc b cros s e 1r the gor antensiy fullowednt an halfmavinun
ton e € for same of the molecules studied using the unf. g FWHM ofthe observed maximza in the negat:ve 10n tntensi-
g provedure developed by Chrstophorow ere " Lang N 1y ve e plots and the appearance onsets for the obeenved .
and Ar a< buffer gases, ¢t were obtained within the ranges fragment anions are histed 1n Table I 1t1s evident from these .
of ~(02-15and C3-90eV respectnel * results that the type of amons. their relative intensity. and '
The gases CFOCF . CF.OCF.H. and CF.HOC}H.H the number and position of the resonance maxime 1n the
were purchased from PCR Research Chenucal Inc - with a relative cross sections of the vanous anions depend strongly
guoied minimum purity of 97 -99%  The compounds on the number and relative positions of the F atoms in the
CF.OCH. and CF.SCH. were synthesized by Dr J L Ad- molecule The molecules with one or both of the methy!
cock of the Chemistry Department of the University of Ten- groups parually fluonnated form muluple fragment tons -
nessee For CF.SCF. two sampies were used, one was pur- more readily upon electron impact than those with methy! )
chased from Armageddon Chemical Company and the other group's' containing atoms of only one type (either H or Fu. .
was prepared by Dr } L. Adcock Impunnes in these com- Five anions tICF,0~, CFO~, CF; . HF. . F7)and four an- .
pounds were determined by the electron beam technique. the ions ICF.0". CFO~, HF. . and F~ | have been observed. N
eflcct of these impurities on the swarm measured electron respectively. for CF.OCF.H and CF,HOCF,H The forma- N
attachment rate constants 1« discussed 1in Sec 1B tion of CFO~ and HF, requires multiple molecular frag- -
mentation and the formation of CF,0~ from CF,HOCF.H ’
Ii. RESULTS alse requires strong rearrangement of the transient parent .
A. Negative ion fragments amon. For both molecules the predominant 1on 1« CF.O :
The present TOF mass spectrometric study has shown with the other anions having intensities up to 30 times Jess
tha: low-energy electrons artached dissociatively to the than.that O{CF’_O - On _the other hand, for CF,OCF, O,n]—\ ..
fluoroether and the fluorosulphide molecules investigated. two tons (CF,O" and F~} and for CF;OCH, only one ion )

No parent anions were obsernved 1n any of these molecules

1. Fluoroethers

The relative cross sections as a function of € for all the
fragment anions observed from the four fluoroethers studied
are shown in Fig. 1. Each curve represents the average of at
least four sets of data. Each set of data was deconvoluted and
the averages of the corresponding unfolded functions are

(F~ 1 have been detected. The ratio of the relative intensity of
F~ to CF.O ™ 1s about 2:1 for CF,OCF,. A possible explana-
tion of the absence tor extremely weak intensity; of CF,0~
from CF,OCHL. 1s discussed in Sec. IV B.

2. Fluorosulptdes

The relative cross sections for negative ion formation as
a function of ¢ for the fluorosulphides CF,SCF, and

TABLE I Negative 10ns due te low-energy electror impact on CF,OCF,. CF,OCF.H CF.HOCF.H. and

]
CF.OCH. j
Observed Energy of maximum
negative Relative peak 1on intensity FWHM* Appearance
Molecule on or intensity jeV" fevr onset ieV* .
CF.OCF. CF.O 550 48 - GO 1.8 2¢-0!
F 100C £1.008 1850 1802
CFOCEH CFO 200 jo=c2 1C -0 ’
100K ITL 0 2¢ 2602 1‘
CFO d R ‘4
i £G4 008 23 4002 {
CF d 3I1-01 {
s 67+ 0058 0 48~ 01 .
HF. 125 61+00S 24 37+02 .
F d 1001 ’
650 $T+008 2138 28-02 E
CF.HOCF.H CF.( 1000 30+ 005 1.8 09+01 )
CFO &0 49,008 19 20-01 )
HF. d 1002 5
280 47+ 005 228 26013 .
F d 17-02 ‘
200 €0+ 005 278 2802 »
CF.OCH. F SO 28401 1.0 18401 -
10 67201 26 47201 )
*Ful’ width 8t hat-maximum of the respective 1on intensity as a function of electron energs )
"The energy scale calibratior was made using SF, and taking for the SF. /SF, resonance the value of 0 17 eV :
IRef 7, The - refers 1o the standard deviation from the average |
“Values histed are fromm the unfolded data '
“Unresolved peak Only the appearanie onsel as ribed 1o these peaks it listed in the table !
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FIG 3 Negative 1on 1ntensity as a function of electron energy € jopen sym-
hols nonunfolded. sohid symbols. unfolded data; for (a) CF,SCF,; (b;
CF,SCH,

CF.SCH, are shown in Fig. 3. The relative peak intensities,
energy of maximum ion intensity, FWHM of the ion reson-
ances, and the appearance onsets for each observed negative
ion are summarized in Table II. The types of anions observed
are analogous to the corresponding fluoroethers, i.e., CF,S~
and F~ from CF,SCF,and CF,S~ from CF,SCH,. There s,
however, a rather large difference in the relative intensities
of these anions and the positions of the resonance maxima as
compared te those for the fluoroethers. For the fluorosul-
phides the predominant anion is CF,S ™ peaking at 0.6 eV for
CF.SCF, and at thermal energes for CF,SCH.. In contrast.
for the luoroether CF,OCF,. the CF.O ™ 10on peaks at 4.8 eV
and the F~ 10on at 5.3 eV and for CF,OCH,. the F ™ ion peaks
at 6.7 ¢V For CF.SCF, the F~ ion current is 300 times less
intense than CF,S~, while F~ is almost twice as intense as
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FIG 4 Total electron attachment rate constants A for the fluoroethen and

fluorosulphides measured as a function of mean electron energy (¢) tn both
Ar and N buffer gases

CF,0" in CF,OCF;; also «whereas for CF,OCH,, F~ is the
only anion which has been observed in this study, for
CF,SCH,, F~ was not observed at all.

B. Total electron attachment rate constants

In Fig. 4 are shown the k, ((¢)) for all the fluoroethers
and fluorosulphides measured in the swarm study using Ar
as a buffer gas. Also shown in Fig. 4 are the k,((€)) for the
fluorosulphides using N, as a buffer gas. These two sets of
measurements are listed, respectively, in Tables IIl and IV.
Between 6 and 12 independent sets of measurements were
made for each of the attaching gases in each of the buffer
gases. When the &k, (E /N | were found to depend on the par-
tial attaching gas number density N, [as was the case for all
the attaching gas/argon buffer gas mixtures: e.g.. see Figs.
5ia: and 5(bi for the dependence of 4, (E /N ; on the partial
concentration of CF.SCF, and CF,OCF,. respectively. in
argon] the measured &, as a function of N, at a fixed total
pressure was extrapolated to zero concentration. The values

TABLE Il Negative 1ons due to low-energy electron impact on CF,SCF,. and CF,SCH,

Energy of
Observed maximum
negative Relative pcak  ion mtensity FWHM* Appearance
Molecule 100 10N Intensity evy® (eV¥r onset eV
CF,SCF, CF.§~ 1000 06+005 07 ~0
F k! 38+01 1.5 19401
CF,SCH, CF.S~ 1000 ~0 0.7

*Full wadth at half-maximum of the respective ion intensity as a function of electron energy
*The energy scale calibration was made using SF, and taking for the SF, /SF, rsonance the value of 0.37 eV

(Ref 7) The + refers to the standard deviation from the average
“Values listed are from the unfolded data
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F ¥ CF .SCF CE.SCH
e Y eme T2} e “emo s 0 emTa
[eRERDEE O 04 C1li4 472
G (ot [{RC K¢ (GRS 4]
006! 00463 on- kR
00Q2} 005406 G120 s
0124 0 0646 012¢ 32
[(REN 008 0130 30
C 1%e ¢ o873 0140 27
0217 0099 0153 28
0 248 011 0168 213
G 3 0133 0.21 203
oM 0154 0.26 1 8S
Q¢ 46t G184 035 1.69
0 82% 0203 0.42 1.6C
062) 0231 0s3 1.83
0776 0270 0.74 1.458
0.931 ©.327 094 1.4}
| 08" 0174 1.12 1.3¢
124 041" 126 1.38
188 G492 1.45 1.36
1.86 0 585 1.54 1.33
217 060! 1.59 1.32
248 0.64" 1.57 1.20
310 0711 52 1.26
3in 0759 145 1.2%
4 66 ORI2 138 21
5.2% [of-KL] 1.3 117
621 0872 1.24 1.13
7.7 0911 117 |83
9.3 093¢ 111
109 0.957 1.08
124 0.972 1.08

of k (E /N )at N, <0 were taken to be those that would be
measured had fe,(¢))been characteristic of the pure buffer
gas.

The sample CF,SCH, was found in the TOFMS study
to contain a small amount of a chlonne-containing impurity
which produced Cl~ when subjected to low-energy (€ < 10
eV electron impact. The C1™ signa! was ~20% as intense
and had approximately the same energy dependence as the
CF.S~ signal produced by dissociative attachment to the
CF.SCH. molecule. Attempts to remove this impurity
twhich was estimated to be < 1% of sample! by gas chroma-
tography-mass spectrometry methods failed Consequently,
it 15 estimated that the measured Ak, (E /N j in the swarm
study may be ~ 20% too large for this compound due to the
presence of the C1~ impurity ion. The compound CF,SCF,
was also found in the TOFMS study to contain small
amounts of a chlorine-containing impurity and perhaps also
F,, which produced small C1~ and F ™ signals, respectively.
both peaking at ~0 eV. The contribution to the total elec-
tron attachment from these impurities was estimated to be
< 1% of the total negative ion production and thus their
effect on the measured &, (E /N ) values in CF.SCF. 1s ex-
pected to be neghgible except at thermal energies All the
negative ions we observed in the electron impact studies of
the fluoroethers were identified as fragment 10ons of the par-
ent molecules and thus impurity problems should not affect
the A, (E /N : measurements in these compounds.

The overall accuracy of the k, (E /N ) measurements in
CF,SCF, and CF,OCF, is expected to be ~5%-7% . (See
Ref. 4 for the sources and estimates of error in this experi-
ment.) For the remaining molecules in this study. the overall
accuracy of the measured rate constants decreases as the
magnitude of the electron attachment rate constant de-
creases. such that for CF,SCH. and CF,OCF.H, the esti-
mated uncertainty is ~10%-15%. and for CF,HOCF.H
and CF,OCH. ~ 20% This increased uncertainty is mainh
due to an increased statistical inaccuracy in the measure-
ments when the rate constants are small and also possibie
influences of the attaching gas on the electron energy distni-
bution function in the gas mixtures compared to those in the
pure buffer gas. due to the necessity of using relatively high
{up to one part in 10%) concentrations of the attaching gas in
the Ar buffer gas. It appears that errors from these sources
restnict this technique to the study of electron attachment
processes in molecules whose k,(E /N ) have peak values of
>10" " em"s™' using Ar as a buffer gas, and > 10" "
cm’s™ ' using N, as the buffer gas.

The measured total electron attachment rate constants
have been found 1o be independent of the total gas pressure
P, for all the compounds in the present study. indicating
that dissociative electron attachment processes are responsi-
ble for the observed electron attachment in these molecules
This is in contrast to our recent measurements in the per-
fluoroalkanes,* where the measured k,(E /N | depended
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TABLE IV Fiecte v woa b o iz oonaat o ho sevema Buoraehiervanc fuormunrioe ir abufle gac o' wrg s avatunihie of fOoNand ¢

E A e CH.OCH, CH.H.H

CHHOCE H CF.OCH CH.SCF. CF SCH
o v em® eV a0 e s BTG i 13 SRS LANS S S S FORILAYT ) I S T em e
0932 0 30X 0°3
0124 03¢ [(N
018¢ 0304 1.0¢
on” Q412 o0 13
03N 0473 00< 153
0.373 0.500 0.10 158
0 46t 0 s8¢ 011} 1.61
0528 0.59G 012 160
0.621 0.634 G136 0.24 1.58
0 0702 015} 0.2¢9 150
0932 0 764 016z 0135 141
1.06 0822 0.170 0.3s 132 119
1.24 087 0178 038 .24 118
188 0970 01g! o4 IR} 110
1.8¢ 1 D68 0 1Re 043 1.00 1.03
217 118 0.19C 042 10 091 0.96
2.49 1.23 0194 047 1.3 0.84 0.88
in 137 0.010 0.206 048 14 0.73 Q.76
373 150 0017 022 048 15 0.64 0.6~
4.66 1.6~ 0.043 0.26 0.59 19 0.55 0.53
: 528 1.77 0078 0.30 0.6 20 0.51 0.50
d 6.21 1.92 0168 0.35 0.65 2.5 0.46 04
s 1.7 2.14 0.43 0 46 omn 28 0.40 0.3}
| [ ) 9.32 233 0.86 0.5% 0.77 32 0.35 0.26
[ 109 2.52 1.38 0.63 0.85 36 0132 0.22
s 124 2.69 1.98 072 0.8% 9 0.295 019
158 300 3.10 0.88 1.00 45 0.256
.. 18.6 329 4.09 1.01 1.09 50 0.230
| . 217 355 4.86 1.09 1.1 S4 0210
24 9 180 546 1.14 1.10 57 0.154
Va 279 403 5.87 L7 1.10 6.1 0.182
3 311 4.26 6.13 {18 1.07 64 0.172
342 4.43 6.30 118 1.07 7.0 0.164
) 373 4.58 6.38 1.19 1.02 7.2 0.159
E- 404 471 6.4] 1.19 0.155
F 435 481 6.40 119 0.153
- ' 46.6 4 89 0.15%
O
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@ FI1G. 5 Total electron attachment rate constants &, for (a) CF,SCF,. and {b) CF,OCF, in argon plotted as a function of the ratio of the attaching gas number

density N, to the total gas number density A'; at several values of the mean electron energy (¢).
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srong’y on pressure £ C R & lesser
extens for n-CF Loandiatir,
those moleculec at the pressures used 1n these experiments
was predominantly by parent negatinve ton stabilization
From the results presented 1n Fig 4 1t 18 apparen: that in-
creasing the F substitution in both the flucroether< and the
fluorosulphides increases the rate of electron attachment
Furthermore. the fluoroethers predominantly attach elec-
trons at higher energies than do the fluorosulphides This
obseryation 1t again it agreement with the measurements of
the TOFMS study presented in the previous section

AR ON I LR
1

o .

coltorattachiment Lo

C. Swarm unfolded total electron attachment cross
sections

The measured total electror attachment rate constants
A :E /N are related to the total electron attachment cross
section i€t by

I

T T

.

R T T P B N A SN i v T T

Myt
= (;> J € ‘o ieifie.E/Nide. (1
\m .
where 1M, 15 the normahized electron attachment coeff-
cient. w.E /N 115 the electron drift velocity, m is the electron
mass, and fi€.E 7N} 1s the electron energy distribution at
each E /N value normalized by

f fie. E/N de = 1. {2

If both A (E/N and fie.E/N| are known over a wide
range of E /N values. then o, (€} can be determined over a
wide range of electron energies using the swarm unfolding
technique™ The k,(E /N | we used in Eq. (i are those ob-
tained by extrapolating the measured attachment rate con-
stants to zero concentration of the attaching gas. so that 1t is

TABLE V Swarm unfolded electron attachment cross sections o, i€ for the Auoroethers and the fluorosulphides obtained by unfolding the k_(E /N :datair

N.andn Ar
€ CF,OCF* CF.OCF.H* CF.SCF ! CF.SCH.* € CF.SCF/ CF,SCH''
ev. 110 "em® o~ "*em’, 107 " em’ 110" " em ev {107 " cm?, 116~ " cm?,
¢ 28 00" 1190 .34 0.03 1.23 50
0?2 008 1332 0.29 0.04 1.24 l9
G as 00s 178 02% 0.05 1.05 2.3
¢4 000 232 0.2% 0.06 0.9 1.62
(e 0.14 4.00 029 0.0 0.80 1.22
06 0.20 6.30 0.3 0.08 073 0.99
0 0.28 655 0.30 0.09 0.70 0.84
08 0.36 483 0.28 010 0.68 0.76
Go 044 310 0.25 o012 068 0.64
i0 08 1.93 022 014 070 0.57
11 0.53 120 019 0.1¢ 073 0.5}
12 049 078 017 (/B 1] 078 0.46
i3 041 0.4% 01s 0.20 0.83 042
14 G.32 032 010 028 1.04 0.3%
i s 0.26 0.22 0.04 0.30 1.32 o
te 021 0187 035 1.83 0.2¢
17 019 G118 04 2.66 0.2¢8
1 & Gl oor? 0% 521 030
¢ o1° 0 069 O¢ T 4¢ 032
o ( 018 0056 [ T8 G 3
21 e (634 ot $3¢ 0.2%
) .21 [GRAR3 ce 318 GC.24
2t Lo G2e (N34 10 171 C2i
" G v [RYe (GRS HE [(R3) c1=
30 G 006~ [N o t2 037 014
33 001§ 1.0G 003 13 013 0.11
36 0 088 1.2% 003s 14 004 0.08
40 021 14] 003 |8 0.01 0.06
44 064 143 0018
50 i 0% 147 [VRVAZ)
ss 1.24 1.5 0034
60 114 1432 0032
[N 092 120 0.032
S0 069 093 0030
75 0.51 071 0.028
80 037 C s 0.025
[ 2] 027 045 0022
g0 020 040 0019
9« 015 0.37 0017
100 011 G35 0014
*Using . E/Nn Ar
"Using » CE/N i N,
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P Div e use the tledtror energy it oot
of the pure bufler ga

The swarm  unfolded e for CEOCH anc
CF.OCF.H 15 Ar are listed 1 Table Voang ere piotted 1
Figs 6 and 7. respectively  Attachment cross sections for
CF.HOCF.H and CF.OCH. are not giver. as 1t has beer,
found that the A_+E - N -values for these two moiccules arc
toc smali and thus (oo uncertamn to give stable and reproduc
ible unfolded values of o, .. The reasons are that the statisti-
cal scatter in the & F 'N values 1 conaderabiy larger
1~ 20¢% than for CF,OCF, 15¢-7% and CF.OCF:H
110% -15% 1. and since it was necessary 1o use comparatively
h.gh concentrations of the attaching gas in the buffer gat wup
to one partin 10*1 1115 possihle that the effect of the attaching
gas on the electron energy distribution functions has not
been compietels removed by extrapolaung A, to N, —0 1see
Sec 11,

The total cross sections for negative ion formation for
CF.OCF. and CF.OCF.H obtained in the TOFMS study
arealso givenin Figs 6and 7. respecuvely. normalized to the
peak of the swarm unfolded o, t¢) 1t can be seen that there1s
a fair agrecment between the peak positions and the half-
widths of the major negative 10n resonances for these two
molecules. but there are differences in the cross section mag-
nitudes. particularly at the higher energies. where the high
energy tail of the swarm unfolded cross sections 1s consider-
ably larger than those obtained in the TOFMS study A simi-
lar trend has beer noted between the swarm unfolded cross
sections and the TOFMS results for the perfluoroalkanes * It
seems unlikely that errors in the scattenng cross sections
used to obtain fie.E /N jat higher energies i.e, € >4eVjin
Ar can account for the difference in the peak positions and

ioeapianatln o

a

tanes O thy tw o prothoels A ot s
difierence may be 1on discrimination eflects 1n our mase
spectromietriy study since the detection efhiciency in the
TOFMS study may vary with the mass of the negative 1on
and more signthoantly with the translauonal energy of the
fragment amons. and since several of the negative 1ons pro-
duced by dissoviative attachment 10 these molecules possess
excess energy sup to several eV, see Table VII}, the detection
eficiency of the TOFMS apparatus may decline with the
amount of translational energy possessed by the negative
10n, leading to a reduction in the measured total cross sec-
uons

The unfolded attachment cross section functions o, €
for CF.SCF, obtained from the measurements of A (£ /N,
in Arand N buffer gases are isted in Table V and are plotied
in Fig & along with the normalized total negative ion cross
section obtained in the TOFMS study. Considerable effort
was eapended 1n the present studv to obtain as accurate
k,E 7N ivalues as possible for CF.SCF. in both the Ar and
N. buffer gases in order to facilitate a companson between
the two unfolded cross sections obtained using the two buffer
gases and that obtained in the TOFMS study. It can be seen
in Fig. & that there 1s good general agreement between the
swarm unfolded cross sections with regard to the peak posi-
uorn and half-width of the negative ion resonance. While the
agreement in the overall magnitude of the cross section de-
nved from the electron attachment measurements in N. and
Ar 1s within the combined estimated uncertainty { ~ 10% ) of
the swarm unfolded cross sections, the difference in the two
cross section functions appears to be real, and is thought to
be pnimarily due to differences in the accuracy of the distri-
bution functions used to unfold the k,(E /N ' data in Ar and
N. It is expected that the distribution functions in Ar are

1e - .. .
- [ more accurate than those of N, in this energy range due to
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the close agreement between the experimental and calculat-
ed transport data in Arnn general < 1% thanin N. (~ 5%,
and uncertainties 1 the accuracy of the “two term™ Boltz-
mann solution at higher mean energies “'" The agreement
between the peak position obtained from the swarm unfold-
ed o i€ cross sections and that obtained by the TOFMS
study ts good, but the half widths in the resonance of the
swarm unfolded o, i€: cross sections are smaller than those
obtained in the TOFMS study. This difference 1s possibly
due to the fact that the electron energy distribution functions
used in the swarm unfolding are known more accurately
than the distribution function used 1n the unfolding of the
beam data (see Sec. 111

The present study. along with the previous one on the
perfluoroalkanes.* enables us to draw the following conclu-
sions regarding the accuracy of the attachment cross sec-
tions obtained using the swarm unfolding technique. When
the peak values of A 1E /N jare > 107" cm® s~ ", then the
peak position. peak value. and half-width of the resultant
swarm unfeidad attachment cross sections are determined to
within an estimated uncertainty of ~ 109, provided the
peak 1n the attachment cross section hes within the mean
energy range covered by the experiment. When the k (E /N
values peak at mean energies which lie at the highest or just
beyond the highest mean energy values for which the mea-
surements were made (e.g., CF,OCF, and CF,OCF.H n the
present study and CF, in the previous study*), the resonance
can still be resolved, but with an increased uncertainty
{~20% ) When the k_(E /N ) peak values are in the range
107" <k (E/N)<107 ' cm?® s~ ', the statistical uncentain-
ty in the measurements also leads to an increased overall
uncertainty in the unfolded o, (€} cross section of ~20%.
For k_(E /N 1values below 10”7 ' cm® s ™|, the statistical un-
certainty in the data and the unknown influences [since in
these cases high concentrations have to be used (up to one
partin 10*)] of the attaching gas on the electron energy distri-
bution functions of the buffer gas do not allow accurate,

reproducible swarm unfolded o 1€ cross sections 1o tx ot
tatnieg

IV. DISCUSSION

A. Energetics of dissociative electron attachment
processes and thermochemical data

For a reaction of the form

e+ RX—-R+X"7, (31
the energy balance equations of interest are

4H, = AHAR) + AH X| - EA.(X} — 4H/RX), (4

AOX~)=AH, + E*, 15

AOX )=DR-XI-EAX)+ E®*, {6

where AH, is the heat of the reaction. AHR). 4H 4X}. and
AHRXare the heats of formation of R, X. and RX. respec-
tively, E.A.{X! is the electron affinity of X, AOiX 7} is the
appearance onset of X ™, D{R-X! 1s the bond dissociation
energy of RX, and £ * is the excess energy of the reaction
comprised of the internal energy of excitation and the total
translational energy of the fragments.

We used Egs. (46! and the thermochemical data in
Table VI (literature data or data derived in the present study)
to identify possible dissociative attachment processes lead-
ing to the formation of the observed negative 1ons. The pro-
posed fragmentation processes along with the respective es-
timated heats of reaction are summarized in Tables VIl and
VII1 Several remarks concerning the information in Table
V11 can be made.

(i) Some of the observed anions {CFO~ and HF; } can
only be produced indirectly in multiple-fragment reactions
accompanied by intramolecular atomic rearrangement
within the transient anion. In many cases. on the basis of
energetic considerations, we attribute to multiple-fragment
reactions even the formation of the anions F~ and CF, ,
which can be produced via direct two-fragment reactions.

{ui In all cases only reactions with 4H, lving below the
corresponding AO of the negative 1on have been listed in
Table VII. A companson of the respecuve AH, and AO [Eq.
{51] shows that most of the processes describing the forma-
tion of the anions from the fluoroethers are characterized by
considerable excess energy {see last column of Tabie VII]

- The energy dependences of the relative cross sec-
uons of the vanous anions produced from the four Buor-
oethers {Figs. | and 2)suggest that there may be two NISs for
each molecule—one below and another above 3 eV. For the
symmetric molecule CF,OCF, the two states are degener-
ate, while for the asymmetric molecule CF,OCF,H there is
an indication of a third low-lying (at ~ 1 ¢V NIS. The first
NIS leads mostly to the production of CF,O~ (this anion
was not observed for CF,OCH,} and its position shifts to
higher energies with increasing number of F atoms in the
molecule. A similar observation can be made for the two
fluorosulphides studied. In Fig. 9 are summarized the ener-
gy dependence of the relative cross sections for CF,O~ and
CF.S~ produced, respectively, from the fluoroether and
fluorosulphide molecules in this study. The formation of an-
ions via the high-energy NIS of the fluoroethers studied is
generally accompanied by release of excess energy. How-
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TARLE V] Theemoheriia da'c

Malue ar eV Value e el
Quarun and reference Quantiy sng referen e
JHF R N JdH «COF; - 06X
A4 -H 2 aH . CF, — 406s
AH0 258 dH+«CHF, ~ 7
dHCF 268 3K CH.F, - 46
4H.CO - Lis" AHACFy - 9 5g*
dHFO 113047 4H.CF.O {— 66
4H iHF. - 28 DF.C-O | 35104)
AH {HF [-2¥ AH 4CF,OCF, [—154 +04) — 155
4K CFH 13203 AHCF,OCF.H [-138+04) - 134
AHACFO — 1.78 = 0.65° 4H CF,HOCF.H. [~11.3+04) - 1130
AH i{HOF) - 102" AHACF,OCH.: [- 90+04} -9.0:
AHACH 1.51° EA.F: 3as
AHACHF - 304 E AICF, PR
AHACH.F -0 E A {HF. kXtg
4H+CHFO. -39 E A.iCFO 2733
D(F.C-F 53~027

*Reference 11
*Reference 12

¢ Thus and al! other values enclosed in brackets have been esuumated using the data in this table as described in the footnotes of the table The AH 4HF,,. for
example, was found using HF ;-+HF + F and Eq. (4; and assuming that 44, = D {HF-F1=0 eV. since HF ; 15 ap unstable sysiem. being detected only as a
negative ion (Ref 13,

¢ Obtained using CF,OF ~CF,0 + F and Eq. (4! with AH, = DICF,O-F = 1.9 ¢V (Ref 14:and AHACF,OF = — 77 eV (Ref 15,

* Obtained using CF,OF —~CF, + OF and Eq 14 with DICF.-OF . = 4H.

' Obtained using CF,OCF,—CF, + OCF,and Eq {4 withaH. = D1F,C-O = 3.9 » 0.4 ¢V This and al! subsequent values enclosed in parentheses are the
results of MNDO calculations tsee Sec IV B..

3 Obtained using CF,OCF.H—CF,H + OCF, and Eq. 14, with 4H, = DIF;HC-O: = 3.9 ~ G4 eV.

* Obtained using CF,HOCF.H—CF,H - O + CF,H and Eq 14, with 44, = 2D(F.HC-01= 7.8 + 0.4 eV.

'Obtained using CF,OCH,—CH, + OCF, and Eq 4. with 4, = D(H,C - O1= 39t G4 eV.

Reference 16.
*Reference 17.
'References 18ia) and 18(b,. respectively
* Reference 3.

ever, when the precursor of those fragment anions is the low-
energy NIS, the anions are generally formed with no excess
energy.

{iv} The negative ion cross section functions for many of
the anions observed from the fluoroethers studied exhibit
two (or more; maxima. We were not always able to attribute
these maxima to separate NISs with different asymptotic
limits {see Table VII}. Thus the formauon of CF.0O",
CFO~, and CF; from CF,OCF,H. and F~ from
CF.HOCF.H and CF.OCH. at both of their maxima are
interpreted (see footnote d in Table VII: as onginating from
two separate NISs which, however, converge to the same
asymptotic limit. However, we could not explain the low-
energy peak of HF; from CF,HOCF .H.

{v! From the energetics described in Tables VII and
VIII we estimated the E.A_ of the radicals CF,O and CF,S
(see the last column of these tables:. The values derived from
the various molecules of the present study show good consis-
tency. Also the average (3.6 eV E A value of CF,O obtained
is in good agreement with a MNDO calculated E A value
{3.86 eV?'} of this radical.

B. CNDO /2 and MNDO molecular orbital caiculations

In addition to the energetic considerations described in
Se IV A, in our effort to rationalize our finding< on the

~r - D G

types, relative intensities, and energy positions of the various
anions we observed, we have performed CNDO/2 and
MNDO molecular orbital calculations using the codes de-
scribed. respectively. by Pople and Beveridge?® and Thiel 2
Such semiempincal calculations are of limited value, espe-
cially when apphed to dissociative electron attachment pro-
cesses Dissociative attachment t molecules 15 envisioned
te.g. see Ref 25 to take place in two steps 8 sen fast
{~ 10" ' stimnal step where the electron 1s captured by the
neutral molecule to form a tran<ient parent pegative 1on tn a
vertical transition and a later step where the transient anion
either loses the electron by autadeta hment or 1t dissociates
moving along a dissociative potential energy cusrve (surface|
Obviously the semiempirical cal.ulations relate only to the
first step and can provide information on: (i) the energies of
the virtual (empty) molecular orbitals; and (ii) the charge
density distributions in the neutral molecules and respective
transient parent negative ions Using Koopmans' theorem?
we assumed the energies of the first and second negative 1on
states INISs to be given. respectively, by the energies of the
first and second wirtual orbitals Both the CNDO /2 and
MNDO calcuiahions did show that the orbital energies of the
fluorosuiphides are much lower than those of the analogous
fluoroethers This 1s consistent with the expenmental find-
ing that the NISs of the fluorosulphides lie lower than those
of the corresponding flucroethers The relation between the
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AU ak Thermochemica dats dedu.ed
lor. T3} Reaction e eV
CF.O 28401 ¢ - CF.OCH.—CF.0 - CF, 03=0¢ E*'=22+0¢
022061 e~ CF.OCF.H -CF.0 - CFH 03e 0% EACF.O3"=0% [3¢_ 161k
20-013 -+CF, 0" + ICF.H*" 03+0¢ E*=1"+08°
0‘3;()1 ¢ + CF,HOCF . H—-CF.0O" ~ CH.F (Of =04 EACFOL3s=-0%
F- 3£+02 e + CF.OCF,—~F - CF,+ OCF; 12+04 E*=21+06
—-F - CF.OCF. [t 8% = G 1) E*=165+02
1.0+ 0 e+ CF,OCF.H~-F ~COF.-CFH 12+04
2R+02 —F~ « CF,OCFH [185+01) E*=095+02
1702 ¢~ CF.HOCF.H~F - CFHO-CFH 17+04
' F - CFHOCF.H  [1B8=01]
+02 —F " « ICFHOCF .H* E*=095+02
18=01 e~ CF.OCH.—~F  + CH. - OCF. 128204
—F" - CF.OCH [i 8¢ «~C1]
472023 —~F" + ICF.OCH,* E*=285+04
CFO- 28+01 e - CF.OCF.H-~CFO™ -~ CF,+ HF Gos -1 E*= 1851}
--CFO ~CF,-H 14 F*=14+)
~CFO" ~CHF. -=F 22 E*=0%=~1
4002 -+CFQO" ~1CHF.F~ E*=1"+)
2 ¢ - CF,HOCF,H-CFO ~ CHF. - HF 0° 2| E*=2121
—~CFO -~ CHF, - H le=1 E*=12121
~CFO" «CH.F-=F 271
HF. 37202 e+ CrOCF.H-HF ~CO~CF,  24-04 E*=13206
10202 e « CF,HOCF,H—HF, ~°
2602 —HF., ~CO+CF.H 2104
CF. 31201 e ~ CF.OCF.H—CF. ~ CF,HO (1.6 = 04) E*=13+05
—CF, + CFO - HF 1858+ E*=128+11
4801 —CF. + (CF,HO* E* =13

*Hea: of reaction determined using Eq 14 and the data of Table V1 Values 1n parentheses were obtained using Eq 14, the dats of Table V1, and
E A(CF,0 = 36eV Values in brackets were found from Eqs 15; and 16: and the data in Table Vi

® Excess energy determined from Eq (5:

¢ Electron affinity determined from Eq (6 using D{F,CO-CF,H =39 + 0.4 ¢V (Tabic V1| It was assumed that £°50 eV The first two numbers in
parentheses are values found. respectively. from Refs 19 and 20 The third number is the result of MNDO calculations (Ref 21}

© Any fragmentation of these radicals different from those already shown for the lower energy peak: would lead to 4 H, values higher than the AO The £
value histed refers to that proposed reaction for the low-energy peak for which 44, 1s closest to the AO of the high-energy peak

*Eleciron affinity determined from Eqs 14 and |5 using the data in Table V] and assuming that £°*,0 eV

observed positions of the NISs and the calculated orbnal
energies was better for the fluoroethers than for the fluoro-
sulphides In Fig. 10 we compare the measured NIS peak
positions and the first two MNDO virtual orbita! energies
for the luoroethers A broad correlation between the expen-
menta! positions of the NIS<and the MNDO orbital energies
1cevident The CNDO 2 caloulationt heweer, ‘the results
of which are not showr in the figure did not clearly show

any such correlation

The charge density distnibutions for each neutral mole-

cule and its corresponding transient parent negative jon were
also calculated by both methods and the differences between
these distributions were used to find how the attached elec-
tran’s charge 1s distributed in the molecule The calculations
again showed a distinct difference between the fluoroether
and fluorasulphide molecules in the way the charge of the
attached electron 15 distributed in the molecule. For the
fluorosulphide transient anions ~ S0% of the electron's
charge 1s localized in the S atom This suggests that the
CF,S~ formation from either CF,SCF, or CF,SCH, is asso-

TABLE VIHI Possible dissociative attachment processes leading to the formation of CF.$~ and F ~ from CF,SCF,. and F~ from CF,SCH,

AQ AH. Thermochemical data deduced
Ton eV Reaction eV, eV}
CFS 0 e + CF,SCF,—-CF,$" + CF, s E.A.(CF,S»3.2%(1.8F

0 ¢+ CF,.SCH,—~CF,§* + CH, N EA.CF,S:532"
F 19 ¢ + CF,SCF,—~F" + CF,SCF, 1.85+0.1°

*A value <OeV, 1.e., equal to or less tharn the corresponding AO can be assigned to these reactions
* Electron affinity determined from Eq (6) and assumung that the dissocuation energy D {CF,S-CF,)1s equal to DICH,S-CH,i = 3 17 eV (Ref 22

‘ Reference 19

¢ Hear of reaction determined from Eq (61 using D |F-CF,SCF,t = 53 + OeV (Ref J;and EA (F = 3 45 ¢V (Table V). and assuming E *>0 eV
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FIG & Negatve.or intensiiy as a function of electron energy ¢ for CF,O

from CF.OCF, CF,OCF K. CF . HOCF.H. and CF.S™ from CF.SCF,,
CF.SCH

ciated preferenually with the S atom and may explain our
observation that for CF,SCF, the CF.S ™ 10on1s ~ 300 tumes
stronger than F~, and that for CF,SCH; the F~ was not
formed or was sc weak as not to be detecied On the other
hand. for the fluorcether molecules the attached eleciron’s
charge spreads evenly over the entire molecule This 1s con-
sistent with the eaperimental result that for the two mole-
cules CF,OCF.H and CF.HOCF.H. negative 1ons have
been observed whose formation imphes considerable rear-
rangement of their transient parent negative ions. For the
molecules CF,OCF, and CF,OCH, the dissociation is direct
and the formation of F~ is favored over the formation of
CF,O" for the reason that the electron, once captured, has a
statistically higher probability of being found on an F atom.
This is consistent with the observation that for CF,OCF, the
F~ 1s twice as strong as CF,0~. while for CF,OCH,,
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V. CONCLUSIONS

It this study we have measured the total absolute at-
tachment rate constants A _1E - N, and derived from them
the total absolute attachment cross sections o, (€}, and mea-
sured the relative cross sections as a function of incident
electron energy for all anions observed in low-energy elec-
tron colhisions with the fluoroethers CF,OCF,, CF,OCF.H,
CF.HOCF,H, and CF.OCH,. and the fluorosulphides
CF.SCF. and CF,SCH,. From these results, we have found
that

{i: Substitution of the O atom in the fluoroethers studied
by S increases the magnitude of the electron attachment rate
constants of these molecules. Furthermore, it significantly
lowers the energy positions of the N1ISs. so that the fuorosul-
phides attach lower energy electrons than do the corre-
sponding fluoroethers.

{i- Substitution of H by F atoms in both of the fluor-
oethers and fluorosulphides substantially increases (by two
tc three orders of magnitude: the magnitude of the electron
attachment rate constant. Also, the number and relative po-
sition of the F atoms in the molecule strongly affect the de-
gree of rearrangement and subsequent fragmentation of the
transient parent negative ion. The transient parent anions of
fluoroethers having one or both partially fluorinated methy!
groups, te.g.. CF.OCF,H and CF,HOCF.H, extensively
rearrange themselves and multiply fragment, in contrast to
the transient anions of the molecules CF,OCF, and
CF,OCH, in which the methyl groups contain either only H
or only F atoms.

{117 Simple molecular orbital calculations have shown
that in the case of the fluorosulphides CF,SCF. and
CF.,SCH, a large fraction of the attached electron’s charge
becomes localized to the S atom, thus leading predominantly
to the formation of negative ion fragments containing S. In
the case of the fluoroethers, however, no such localization of
the extra electron tc any particular atom was indicated.

In addition. the E.A values for the radicals CF,O and
CF.S have been determined and energetic considerations
were emploved to identify possible fragmentation mecha-
nisms of the NISs leading to the production of all observed
fragment anions

From the practical point of view, the energy depen-
dence of k_(E /N | for CF,OCF, and CF,SCF, is appropn-
ate for gases and gas mixtures for use in diffuse discharge
opening switches where it 1s desirable for the diffuse dis-
charge to have high conductivity, and thus low electron at-
tachment during the conductingstate (1.e.,low £ /A }and low
conductivity and high attachment dunng the opening stage
fie. high E/N)~7** Both CF,OCF, and CF,SCF, have
high uniform field breakdown strength equal to 0.9° and
1.35% times that of SF,, respectively.
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Effect of temperature or the dissociative electror. attachmernt tc CCEF.
-

\

a)
and CZF6

b

b
S. M. Spyrou and L. G. Chrastophorou /

Atomic, Molecular and High Voltage Physics Group, Health and Safety

REesearch Division, Oak Ridge Naticna. lLaboratory, Oak Kidge, Tennessee 37E3(

ABSTRACT

The total electrorn attachment rate constant, ka(iax), for CC£F3 and CZF6
has beer, measured using an electron swarm technique in the mean electron
energy range 0.41 to 4.8]1 eV and over the range of temperature, T, from
300 to 750 K. At each value of T the total electron attachment cross
section Ca(c) was determined from the measured ka(<£>) using the swarm
urifolding technigue and was compared with the results of a mass

spectrometric study. The oa(a) for C shows a single peak (due to F

2F6
and CF3-) which shifts from 3.9 eV at 300 K to ~3.3 eV at 750 K. (The

onset shifts correspondingly from 2.3 to 1.5 eV.) For CC£F3 the oa(a) shows
twvo peaks: at ~1.5 eV (due to Cf_) and at ~4.7 eV (due to Ci_, F-,

CCQFZ-, and CLF ). The peak at ~1.5 eV is especially sensitive to changes
in T. The peak v=lue of Oa(i) increased by a factor of ~3, and the energy
positiorn. of the pezk and onset shifted tc progressively lower energies wher
T increazed frop 32{ to 700 K. The analysis of these results led us to

conclude that the changes in ka(<£») and oa(z) for the dissociative

attachment processes of these molecules with increasing T result from
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moliecule

I. INTRODUCTION

The study of the effects of temperature or. electror attachment to
mclecules 1s of antrinsic ac welil as of practical 1nterest. For example
in many cases vibrational and. /cr rotational excitation of mclecules
affects the magr.itude and the enerqgy dependence of the cross section for
dissociative attachrent and thu:z the accurate determinatiorn of thermoche:
data which use appearance onsets for specific dissociative attachment
arions. Similarly, such knowledge 1s valuable for many applied areas
which employ temperatures higher thar amb:ent (e.g., combustior., flames,
circuit breakers, diffuse discharge switches, etc.). Frevious studies
on the effects of temperature or. electron attachment processes have been
reviewed

In this paper we report and discuss the results of a swarm study on
the effect of T on dissociative electron attachment to the mclecules
CCRF3 and CZFG' The magnitude and the enerqgv dependence of the attachme:
rate constants for these molecules are appropriate for diffuse discharge

switching applications.

I1. EXPERIMENTAL

A. Apparatus
A schematic diagram of the high temperature electror swarm apparatu

used in the present study is shown in Fig. 1. The basic principles of

2,3

operation are as described earlier. A number of modifications were m
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to the basic design tc facilitate the measurements at high gas temp

(47

ratuares.
In contrast to our other swarm apparatus. the swarm chamber was made

~100 cm long, and the distances of the two end flanges from the middle of
the chamber are ~50 cm. To avoid leaks at the flanges when heating or cooling.
the region around the flanges was water cooled and was kept at a much lower
temperature than the collision region (the region betweern the anode and
cathode; see Fig. 1). This arrangement also allowed the high voltage and
signal feedthroughs to be kept at a low T. Special care was alsc taken in
the constructiorn, of the long supporting stands holding the anode and the
cathode (the Cf252 alpha particle source used to produce the electron

swarms by the energy decay of the alpha particles was mounted or. a plate
supported on the cathode), which consist of a stainless steel rod witlh
insulating rods at its twe ends.

2 furnace and temperature control system (0-1000°C, resolution 1°C,
Applied Test System, Inc.) was used to heat the central region of the
chamber. The temperature in the collision region was measured by six
thermocouples (chromel-alumel, type KX) located as close to the drift
region as possible. With the aid of two independently controlled heating
elements embedded in the insulating walls of the furnace. the gas

temperature between the electrodes was contrclled te within 1-2°C.

E. Experimertal and analytical procedures

The experimental procedures for the electron swarm experiment have
beer. described in detail px’eviously.z.4 In the present study the chamber
was heated to the desired temperature prior to the measurements. We used
Ar and NZ as carrier gases, and the mixtures of the attaching

gases under study with either Ar or N

-4

2 contained as small a fraction

(10 to 10-6) of the attaching gas as possible. This was necessary in

e
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order tc alleviate or reduce the influence of the attaching gas on the
electron energy distribution function £(¢ .E/N) of the pure buffer gas

used in the subsequent analysis. To observe and to correct for any such
influence, the measurements were performed as a function of the attaching
gas number density Na at each total gas number density Nt’ Whern ka depended
on Na/Nt (see Section 11I), the pressure-independent ka was determined fror
an extrapolation of ka to Na/Nt + 0. Such data were taker, at each
temperature at which measurements were made.

The buffer gas (quoted purity 99.999% for N2 arnc 9$.9993% for Ar)
was further purified by fractional distillation in the liquid nitrogern
traps (Fi1g. 1). The attaching gas samples were deoxygenated by repeated
freeze-pump-thaw cycles. For measurements at T > 300 K, the attaching/
buffer gas mixture was prepared in a separate premixing container at
room temperature, and this premixture was used for the measuremernts.

This procedure was adopted for three main reasons: (1) to eliminate
problems which might arise from a nonuniform T over the large volume of
the swarm chamber, (2) to reduce outgassing problems which, especially
at high T, could interfere with the measurements at low attaching gas
number densities, and (3) to avoid the problems connected with the
reduction in the attaching gas pressure observed (Sectior I1I1R) tc
occur at elevated T.

The possible sources of error in the measurement of ka with the
present technique have been discussed in Ref. 3. The total uncertainty
in the present ka measurements is estimated to be 6-~8% except for the

measurements of ka in CCLF_ at the lowest <g> which were more uncertain

3

(Section IIIA), and the measurements of ka in CCLF_, at T > 600 K which

3

were also characterized by larger uncertainty (Section IIIA).
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Tne measured ka(E/N,T) jor ka(<L»,T)J were used to determine

3
ca(c,T) by the swarm unfolding procedure” using the relataon

[+

b L
ka(<s>,T) = (2) J/P £ oa(s,T) f(e.<e>,T) de (1)

m
(4]

where ¢ and m are the electron energy and mass, respectively. The
electron energy distribution functions f(£,<e>), the mean electron
energies <g¢-, and the electron drift velocities w in Ar at the higher
temperatures were assumed tc be those at room temperature.3 For NZ’

however, this assumption is not valid. 1In this case, we used <g> and w

values obtained6 at 400 K.

IIT. RESULTS

A. Electron attachment rate constants

In Figs. 2 and 3 are shown the ka(<£>,T) for CC£F3 and CZFG’
respectively. For both molecules, the measurements at the highest T
were limited to <g> < ~3.5 eV due to corona problems. For CC2F3 additional
difficulties arose from substantial rapid disappearance of CCP.F3 at high
T (see later in this section) which did not allow measurements above
700 K. All measurements were perfcrmed in a buffer gas of Ar except for
the measurements at 300 and 40C K for CCEF3 which were also made in N2
(Fig. 2).

At each value of T, four or more independent sets of measurements

19 -3

were made over a range of Nt from 2.25 to 9.66 x 10 cm and over a

range of Na from 0.7 to 7 Xx 1014 cm-3. In Figs. 4 and 5 are shown

typical examples of the dependence of ka(<£>) on the ratio Na/Nt and T
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for CCPF_. and C_F ., respective.v. For all <¢. and T values studied the
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tained for Na/Nt - ¢. and these values were plotted in Figs. 2
and 3 and are listed in Tables 1 and 1I.

The effect of the attaching gas on f(f£,<e>) was particularly significant
for Ar at <g> < 1 eV and resulted in a dgreater uncertainty (-10%) of ka
in thils energy region. To completely remove this effect, the ratio
Na/‘Nt must be <10_6; this, however, was not possible for CCRF3 because
of the low magnitude of 1its ka at low <e>. This is the reason whyv our
measurements of ka in Ar for CC£F3 at 30C and 47 K do not extend to as
low values of <e> as at the higher T. The fact that the measured ka(<£>)
in Rr are lower than those in N2 (see Fig. 2) may be attributed to the
effect of the attaching gas on the f(£,<e>) of pure Ar, although
uncertainties in the determination of <e&> in N2 could alsc contribute to
this discrepancy.6 For CC£F3 the ka(<£>) were independent of time (following
the introduction of the mixture into the swarm chamber) for T <€ 500 K
but decreased progressively with time at T > 500 K. This may be attributed
to the disappearance of CC!ZF3 via reactions with the stainless steel
walls of the hot chamber and/or via thermal decomposition into nonelectron
attaching species. Due to the rapid decrease with time of the ka for
CCLF. at T 2 600 K, the following procedure was adopted for the measurement

of k_ for this molecule. A premixture of CCLF_ with Ar was prepared in
-’

a contalner at room temperature and was introduced into the hot chamber;

,. a series of ka measurements as a function of time for a number of E/N

: values were then conducted. From a plot of ka versus time for each E/N,

'" the value of k_ for that E/N was obtained for t = 0 (i.e., the time the

o premixture was introduced into the chamber). The chamber was subsequently
evacuated, a new quantity of the prem.xture was introduced into the

L
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chamber . and the measurements were repeated for another range of E/N
values. This method gave reliable data (uncertainty <10%) for T € 600 K
but less reliable data (uncertainty 10-20%) for 700 K because of the

more rapid decrease of ka at the latter temperature.

B. Swarm ur.folded cross sections
The ka(<£>) measurements presented in the previous section were
unfolded to obtain the total electron attachment cross sections oa(s).

These are plotted in Figs. & and 7 for CC£F3 and CZFG’ respectively.

The magnitude of the cross section for C_F_ does not change appreciably

2 6

by increasing T. However, the peak position of the resonance and the
appearance onset shift to lower energies by more than 0.6 eV when T is
raised from 300 to 750 K. The full width at half maximum (FWHM) of the
resonance also increases from 1.6 eV at T = 300 K to 2.0 eV at T = 750 K.
The present room temperature o, (¢) {and ka (<e>)] data compare well
with those of Ref. 3.

The e¢ffect of T on the electron attachment to CCLF_ is more profound.

3
The magnitude of the low-energy peak in oa(e) {or ka(<£>)] increases by
a factor of ~3, and its position shifts from 1.55 to 1.1 eV when T is

increasec from 300 to 70C K. The appearance onset shifts to C eV when T

1s reised from 300 to 40( K. On the other hand the magnitude and positior

(e}

ey

the hig.. energy peak are not noticeably affected by the changes in 1

in the range studied.

C. Electron beam studies; comparison of electron swarm and electron beam
data

The CCRF3 and CZF6 molecules were also studied in a time-of-flight

mass spectrometer (TOFMS). For C2F6 two main negative ions, F and

......... P ST VP P 2 Y - PO PR S Y N Y PRI N Wy A

Wy

PO

PPN W W 'y 7 R

\_Jf IR RN VO]

PR\, L S 2Y s (WLISPE\...4 SR

R .4 N

Y. )

P 1Y



MR e e |
e

RN

P

T WMTAY W

Ty WMWY

E R . S - - — - P L U S LA WL S

Clafh Nad Bk R N DAY AL AR ] s s Sair | % ™ - P it it~

'l
o

C¥. . were observed, with attachment cross sections having reiative peak

iritensitles 3:1 and peaks, respectively, at 3.9 and 4 eV. These results

have beer. reported earlier.7 In Fig. 8 the present room temperature

swarm unfolded Oa(E) is compared with the normalized total attachment

cross sectior. of the TOF study.7 The agreement of the peak position,

the FwHM, and the onset of the resonance as obtained in the two experimente

is satisfactory considering the overall uncertainty in the two experiments.
The nonunfolded and unfolded (see Ref. 7} relative cross sections

as a functior. of ¢ for the four anions CL , F , CEF-, and CC£F2~ observed

for CCLF

3 The relative

are shown in Figs. 9(a) and 9(b), respectively.
peak 1intensities, energy of maximum ion intensity, FWHM, and appearance
onset of these anions are listed in Table IIl, where a comparison 1is

made with the literature data. With a few exceptions, the agreement
between the present beam results and those of Illenberger et 31.8 is
good. Illenberger et al. reported the magnitude of the second peax in
the Cf «cross section to be ~10 times larger than that of the first

peak. The present beam and swarm results, as well as the beam results
of Verhaart et al.,9 indicate that the first Cf{ resonance process has a

higher cross section than the second. The 0.7 2 0.3 eV onset leading to

C{ formation measured by Illenberger et al. is higher than the ~{.3 eV

onset we determined. However K the 0.3 eV val'ie was net reproducible as
it depended on the electron source condition and filament temperature
and most likely corresponds to a T higher than ambient (see below).
Finally, the 3.9 eV peak for CLF measured by Illenberger et al.8 is
lower by ~0.8 eV compared with the 4.7 eV value of the present work (the
appearance onset for this anion was found by both studies to be the

same). 7The 4.7 eV value seems to be more consistent with the grouping
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of the resonance maxima of all anions observed for CCxF_ at 4 %

eV
[see Fig. 9(b)].

In Fig. 10 we compare the room temperature total swarm unfolded
oa(ﬁ) and the beam total relative electron attachment cross section for
CC£F3, the latter has been normalized to the high-energy peak (at ~% eV)
of the swarm unfolded Oa(e). The beam cross section (at the low-energy
peak) is broader and its onset lies at lower energles compared with the
swarm data; actually, it is in better agreement with the 400 K swarm
ur.folded cross section (Fig. €), which may indicate that the temperature
in the collision regiorn. of the TOFMS 1s higher than ambient due tc
heating caused by the filament. The difference in the relative magnitude
of the two peaks as determined from the beam and the swarm experiment
may result from mass discrimination or discrimination due to excess

kinetic energy of the dissociative attachment fragments in the beam

experiment.

IV. DISCUSSION

A. Energetics of dissociative electron attachment processes
Before discussing the effect of T on the electron attachment processecs

for CC£F3 and CZF it 1s worth considering the energetics of these

&’

processes. In Takle IV are summarized pcssible fragmerntation processecs
along with their heats of reaction leading to the formation of the four

fragment anions we observed in low-energy electron impact with CCQFB.
*
In the last column of the same table are listed the excess energies, E ,

of some of the proposed reactions and the electron affinities, EA., of
the radicals CLF and CCQFZ. These are compared with the literature data

whenever available. All gquantities were determined as described in the
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footnotes of Table IV using appropriate energy balance eguations. For a
reaction. of the form
e + R — R + X (2)

these energy balance eguations, if we neglect any initial internal

excitation of RX, are

AR = AH_(R) + BH(X) - ER(X) - OH (R¥) | (3)
- *

BO(X') = AH <+ E (4)
- *

AO(X ) = D(R-X) - E(AX) + E (5)

where AHr is the heat of the reaction, AHf(R), AHf(X), and AHf(RX) are
the heats of formation of R, X, and RX, respectively, EA(X) is the
electron affinity of X, AO(X ) is the appearance onset of X , D(R-X) is
the bond dissociation energy of RX, and E* is the excess energy of the
reaction comprised of the internal energy of excitation and the total
translational energy of the fragmer*ts. A similar analysis for CZF6 can
be found in Ref. 7.

BE. Temperature dependence of electron attachment

From the results presented in Section IIl it is clear that for both
CC)Z‘F3 and C2F6 the temperature affects considerably both ka(<£>) and
O LE) . As T ancreases, ka(<a>) increases, and this increase is progressively
larger at lower energies (Figs. 2 and 3). For oa(c) the effect of T can
be summarized as follows: As T increases, the energy position of the

resonance maximum (for CCQF3 we refer to the low-energy peak) and the

appearance onset decrease (see Fi1g. 11), while the resonance widtl.
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(Fig. 11) and the magrnitude of the cross section (Figs. & and 7) increase.

This behavior 1s analogous to the one observed for anions produced from

dissociative attachment to diatomic molecules.1 In the case of 0 from

1,18

0_ the effects of increasing T on Oa(c) were attributed to the

2

population of higher vibrational levels and the high sensitivity of
oa(a) to the range of nuclear motion. Thus, it can be shown that

dissociative attachment to vibrationally excited O2 molecules results in

a broaderiing of the Franck-Condon region |which increases the FWHM of
ca(c)], a decrease in Lmax [the energy at which oa(a) peaks] and AC, and

an increase in the magnitude of Oa(a) resulting from the increase in the

survival probability of O2 with increasing vibrational quantum number.

1,19,2C
(o]

Subsequent studies n O, and other diatomic molecules (e.g., H

2 2'
HCL, HF) confirmed the dominant effect of vibrational excitation on
oa(s) and the relatively small effect of rotational excitation.

Similar arguments can be advanced concerning the effect of increased

internal erc¢rgv of a polvatomic molecule with increasing T on its electrorn

attachment properties, although the situation for polyatomic molecules
i.ay be more complex because of their large number of vibrational degrees

of freedom. Nevertheless, the present study on polyatomic molecules

. . 16-2C
shows thzti--consistent wxth the findings or. the diatomic molecules & ~-

the etfects of T on ka(<&>) and Ga(c) cari be understood in terms of the
increase in the total vibrational energy of the molecule with increasing
T.

In Fig. 11 are plotted the energy, ¢ , at which oa(a) peaks, the

max

appearance onset, AO, of oa(c), and the FWHM of oa(a) for C FB as a

2

function of T. These quantities are listed in Table V. If we assume

that the linear dependence of € nax and A0 on T seen in Fig. 11 continues

P, WU
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te T = ( K a lirnear leact sguare fit to the data 1in Fig 11 qivec &
value cof 4§ = eV for ¢ ~and a value of 2.6] eV for AC at 7T = O K.

max
Sim:zlarly. by a linear least square extrapolation, AD » 0 eV wher
T - ~1¢00 K and Eras 0 eV when T » ~3200 K (see Table V). The value
1= Pt
€ .= 4.3 eV at T = G K gives the energy difference between the negataive

son state from the grournd, v = U, vibrational level of the neutral state

at the equilibriur distance of the latter. This 1s the energv close to
q o)

whaich ¢ (¢} would peak 1f all the C_F. molecules were in the v = (¢

a <
level. Ir thie case the va.ue AT would be 2.8 eV instead of 2.3 eV as
observed at room temperature. The finding that AC = 0 eV at T = 160C K

would imply that at this value of T the internal energy of the molecule

1s such that ever zero-energy electrons can be attached to C Fe and thus

2

reach the negative ion state. For this to be so, large amounts (~2 eV,

- - 7
since F and CF3 from CZF cannot be produced at energies < ~1.8 eV')

€

of energy are reqguired.
These findings car be rationalized in a way similar to that adopted
for electron attachment to hot diatomic molecules, namely, as attachment

of therma. energy electrons to C2F6 molecules in vibrational levels v

lying at ~1.8 eV. Although the fraction, Nv’ of C2F6 molecules excited

to these high-lying vibrational levels is very small (»10’6) compared tc¢

that N . of CZFE molecules in the v = 0 level, the cross sectiorn, .

for thermal electron attachment to C2F6 (v = 1.8 eV) can be much larger

thar. that, 00, for attachment of an electron of energy ~1.8 eV to the
= 2 N ) . Y

C2F6 (v = 0) molecule, such that N.O, NOOO Alternatively, since

CZF6 is a polyatomic molecule, let us consider the total average internal

energy of the molecule which we assume to be principally the vibrational

energy of the molecule. Let us further assume that as T increases each
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normal vibrational mode 1s excited by an equal probability and tha: the
total internal energy <t:>int of the molecule 1s the sumr of the energy ir

the various normal modes x, viz.,

[+ 4

N
e = LB, e g (€

x=1 v=C

N

In Eq. (6) N are the normal modes (3r-6 for a nonlinecar mclecule with

atoms, including degenerate modes), to x (v + 1'¢ hvx are the vibrationa.

ernergies of the ncrmal mode x in the v = 0,1,2.. levels. and Ev are the

corresponding Boltzmann factors defined for each x by

-£ /KT
v
e
ii -av/kT

e

v=

B = (7

e

(o]

we used expressions (6) and (7) and determined (asirt (T) for CZF6 using
i

the values of Ve reported in Ref. 21. These are listed in Table V.

The <e- . at T = 0 K 1is
int
N 1
<gs = = hv. = 0.790 eV 6.
z 2: 2 x ¢
X=1
1.e., 15 &3 . tc thi o car of the zeri-point energ.e:z ¢f all N normal

modes. At T = 1610 K (1.e., at the temperature for which AC = ( eV,
<5>int is equal to ~2.6 eV (when 1including <L“Z) or ~1.8 eV (when az-z
is excluded). The agreement between the two values [1.e. , the value

(= ~1.8 eV) of <L>int when AP - 0 eV, and the miramur (=) .86 eV) energy

required for dissociative attachment] 1is most interesting. It indicatec
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that the internal vibrationz. ene:r I ¢ tre r & v o ar o Ic tracfervred

from orne mode tc another very eff.c e v & A te U leTTlatel Liroa

particular (critical) mode leaduing tc Ui rea wt % ac urnamolecular
. 22 . . .

reaction theory asserts; 1V alsl o anZorate:r tratotre poo et & 5 1nternal

energy is predominantly vibraticral a:nZ trz a tre LLLIATIOLEZL energy

carn. be used in the dissociation process
Finally, 1in Figs. 12zi(a) and 1Ztkt. are showr exam;.ec cf

plots of log k versus T “ for a nurer of <t for CIif ans TF
respectively. It is seen that these car. be f1tteld to & stralght line
only for a portion (T 2 500 K) of the T range investigated. The k_(<e>,T)

data at T 2 500 K have been fitted with the expresciorn

~D{<e>)/kT

k (<e>,T) = C(<e>) e . (9)
and values of D(<e>) were obtained. 1In Fig. 13 are shown D(<g») for
C2F6. Two observations are pertinent: (1) the low values of D and

Both are

(2) the convergence of D to kT3 as <g> > AQ 00 (=2.3 eV).

00 3

consistent with the dominant effect of vibrational excitation on

dissociative attachment which is further demonstrated by the similarity
-1 . .

- <c>z) versus T functions showr in

of the k versus T-l and (<g>.
a int

Fig. 14.

VI. SUMMARY AND CONCLUSIONS

The effect of temperature on dissociative electron attachment to

the molecules CCEF3 and C_F

oFg was studied using a high temperature swarm

apparatus. This effect was found to be more profound for CC{F_ than for

are smaller thar those of C_F

CE> =
C_F,. The ka((c ) and oa(z) for CCLL3 JFe

2 6
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arnd alsc lie at lower energaes. This study confirm: previcus findings’

th.at the enhancement of dissociative electror attachment with increasaing

®
T 1s more significant when the room temperature oa(z) 1s sma1l, and whern
the result of the heating of the molecule shifts the dissociative attachment
rescnance to an energy range close to O eV. .-
Ihe enhancement of dissociative attachment by increasing T was ';
understood as the result of vibrational excitation of the molecule. :
Evidence was presented that the excitation energy from the various modes .‘
cf the molecule can be transferred from cre mode tc the rest ang be
utilized for the energetics of the dissociative attachment. :
1
i
.4
ACKNOWLEDGMENTS :
q
i
We are grateful to Mr. J. G. Carter for valuablie technical assistarnce 1
1
. A . : o
inn the design and construction of the present high temperature swarm
apparatus, to Dr.S. R. Hunter for useful suggestions, and to Mr. P. Datskos
for assistance with some of the experiments. 1
o
1 . . R - -
L. G. Christophorou, Envircr. Heaith Ferspect. 3¢. 3 (1987;; J
L. G. Chraistophorou, D. L. McCorkie, and 2. &. Chrastodoulides in j
®
Electron-Mclecule Interactions and Thelr Applications, edited bv i
1
L. G. Christophorou (Academic Press., New York, 1964), Vol. 1, Chapt. 6. )
L. G. Chraistophorou, Atomic and Mclecular Radiavion Physics (Wiley- °
Interscience, New York, 1971).
1
3 ,
S. K. Hunter and L. G. Christophorou, J. Chem Phys. 80, 615C (1984). i
1
4 . 4 1
S. M. Spyrou, Ph.D. Thesis, The University of Tenressee, 1963. .‘
1
j
)
i
{
L ]

24 _aa




*ro‘r'-rf'.ﬁﬁr‘v
™~

5 .
L. G. Chrastophcrou D L. Mclorkle anZ V. E. Ancersor. J. Pryve.E

4. 1163 (2971

65. R. Hunter and J. G. Carter. private communlcation (19&4).

‘s. M. Spyrou, I. Sauers, and L. G. Christophorou, J. Chem. Phys. 78,

7200 (18&2).

&E. Illenberger, H. U. Scheunemen:, and H. baumgartel, Cher. Phys. I~

21 (1979).

G. J. Verhaart, W. J. Var der Hert K anc H H. Brongersma, Chem FPhyvs.

K. S. Berry and C. W. Reimann, J. Chem. Phys. 38, 154C (19€3).

S. S. Chern, K. C. Wilhoit, and B. J. Z2wolinski, J. Phyvs. Chem. Kef.

Data 5, 571 (197¢).

12 :
*“(a) J. L. Frarklin, J. G. Dillard, H. M. Rosenstock, J. T. Herrorn,

K. Draxl, and F. H. Field, NSRDS-NES26 (196%); (b) S. W. Benson and

H. E. O'Neal, NSRDSNBS21 (1970).

13L. M. Leyland, J. R. Majer, and J. C. Robb, Trans. Faraday Soc. 66,

89& (1970).

lqA. G. Gaydon, Dissociation Energies and Spectra of Diatomic Molecule:

(Chapmar. and Hall, London, 1968).

15

[p)
m
-3
0

H. Dispert and K. Lacmann, Int. J. Mass Spectrom. lor Phyvs.

(1978, .

IBJ.C.J< Thynne, Dyn. Mass Spectrom. 3, 67 (1972).

17A. V. Dudin, L. N. Gorokhov, and &. V. Baluev, Bull. Acad. Sci. USSk

Div. Chem. Sci., English Transl. 28, 2227 (1979).

18T. F. 0'Malley, Phys. Rev. 155, 59 (1967); W. R. Hendersonr, W. L. Fa

and R. T. Brockmann, Phys. Rev. 183, 157 (1969).




Aty

T AR S et et PusZAn s S ShE dnge e s ASh AS ISl Saun_taie Jnvui aie A s ool o vy e YL Y TwLT YT

J. N. Bardsley and J. M. Wadehra, Phys. kev. & 2{. 139&¢ (1979).
J. M. Wadehra, Phys. Rev. A 29, 106 (1984;.
T. Shimanouchi, Natl. Stand. Ref. Data Ser., National Bureau of

Standards 39 (i972), Vo.. I.
22

1973); R. J. Robinson and XK. A. Holbrook, Unimclecular Reactions

(Wiley-Interscience, New York, 1S7z).

" .y . — o PO S S Sandhen i 3 PR

W. Forst, Theory of Unimolecular Reactions (Academic Press, New York,




T T T T T T T T e W e w i v = - g w—w — . -
- . . - .

i

;]r TABLE 1. Electrorn attachment rate constants ka for CC£E3 i, a buffer
i gas of argen as 8 function of E'N, <¢ -] and T.
. ka (10-]1 cn? s-])
(] T(K)
- _
b,
» <g > W
o E/N T =300 K T = 300 K 30C 40C 500 550 600 700
P -1k 2 -
"5 (1C 18 Voer) (e\} (105 cm s 1)
0.217 C.412 1.0987 4.20
{ 0.311 0.473 1.200 5.8C
o
i 0.373 0.50% 1.258 3.60 7.0C
. 0.466 0.559 1.335 2.40 4.50 g8.20
' 0.528 0.59C 1.38 2.8¢  3.8C 5.00 9.10
0.621 0.634 1.44 3.30 4.60 5.80 10.03
0.777 0.702 1.53 4.20 5.50 7.00 11.80
0.932 0.764 1.61 3.20 5.00 6.60 8.20 12.70
1.09 0.822 1.68 3.76 5.60 7.50 9.20 13.10
1.24 0.876 1.75 4.20 6€.30 §.10 9.84 13.30
1.55 G.97¢ 1.87 3.43 5.0« 7.05 9.15 10 .64 13.44
1.86 1.06¢ 1.95 3. 8¢& 5.52 7.50 .55 10.76 13.44
2.17 1.15 2.03 4.07 5.7¢ 7.60 9.60 10.76 13.3¢C
2.49 1.23 2.10 4.16 5.85 7.60 9.58 10.70 13.00
3.11 1.37 2.22 4.22 5.81 7.46 9.30 10.30 12.20
3.73 1.50 2.33 4.20 5.62 7.08 8.75 9.80 11.60
4 .66 1.67 2.46 4.04 5.31 6.60 8.05 9.10 10.90
. 5.28 1.77 2.54 3.95 5.12 6.38 7.75 8.76 10.50
l 6.21 1.92 2.64 3.89 5.00 6.15 7.40 8.30 10.00
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‘
TAKLE 3. (Continued .
ka (10-11 cm -l) f
T(K)
<> w ‘
E/N T = 300 K T = 300 K 300 400 500 550 600 700 A
(10‘18 Y cmz) (eV) (105 cm s.1 ]
71.77 2.14 2.79 .97 .97 6.10 7.15 .00 9.40
§.32 2.33 2.9% .25 .15 6.15 7.20 .05 9.2¢
10.97 2.52 3.04 .55 45 6.40  7.40 .10 9.26
12.4 2.69 3.14 .82 .70 6.58  7.56 .20 9.3¢
15.5 3.00 3.33 .30 .06 6.92 7.78 .40 9.40
18.6 3.29 3.49 .60 .22 7.02 7.80 .48 9.36
21.7 3.55 3.63 .71 .25 7.00  7.74 .40
24.9 3.80 3.76 .73 .15 6.88 7.55 .30
27.9 4.03 3.88 .67 .05 6.68 7.28 .96
31.1 4.26 3.99 .60 .94  6.50 7.10 .70
34.2 4.43 4.18 .51 .80 6.37 6.95 .50
37.3 4.58 4.38 .43 .70 6.24 6.80
40 .4 4.71 4.62 .34 .64 €.14 6.71
43.5 4.81 4.90 .30 .55 6.07
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E‘ TARLE 11. Electron attachment rate constants ka fer Cz}‘o in a2 buffer _
{‘ gas of argcer as a function of E/N, <g>, aud T. '
S . _ %
ka (10 10 cm3 s ]) 1
T(K) 4
)
<gED w :
E/N T = 300 K T = 300 K 300 400 500 570 650 750 ]
- 2 - )
(10 18 ca) (eV) (1(:5 cm s 1) J
o _ )
1.55 0.976 1.87 0.16
1.8¢ 1.068 1.95 0.15 0.24 ;
)
2.17 1.15 2.03 0.04 0.11 0.22 0.35 1
2.49 1.23 2.10 0.06 0.14 0.27 0.37 0.60 1
3.11 1.37 2.22 0.17 ©0.29 0.39 0.61 0.80 1.10 ]
]
3.73 1.50 2.33 0.40 0.59 0.76 1.10 1.35 1.80 )
4.66 1.67 2.46 0.92 1.23 1.47 1.97 2.30 2.84 1
5.28 1.77 2.54 1.32 1.73 2.00 2.57 2.90 3.50 >
)
6.21 1.92 2.64 1.99 2.44 2.80 3.42 3.80 4.40
7.77 2.14 2.79 3.08  3.57  3.90 4.56 4.95 5.60
9.3z 2.33 2.92 4L.01 L.48 4.75 5.40 5.80 6.40
)
16.97 2.52 3.04 4.71 5.10 5.40 5.98 6.35 7.00 ]
1
12.4 2.69 3.14 5.20 5.54 5.80 6.38 6.70 7.35 ]
15.5 3.00 3.33 5.75  6.01 6.24 6.72  6.97  7.65 )
]
-
18.6 3.29 3.49 5.94 6.13 6.32 6.73 6.95 7.60
21.7 3.55 3.63 5.95 6.10 6.20 6.56 6.82 7.40 ]
24.9 3.80 3.76 5.84 5.94 6.06 6.34 6.56 )
)
27.9 4.03 3.88 5.69 5.76 5.88 6.14 6.35 ]
. 1
" 1
’ p
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TABLE I1. (Continued)
K, (10719 ? &7
T(K)
<g> w
E/N T = 300 K = 300 K 300 400 500 570 650 750
(10718 v cn?) (eV) (10° cm s~
31.1 4.26 3.99 552 5.58 5.66 5.92  6.12
34.2 4. 43 4.18 5.38 5.44 5.5 5.74  5.94
37.3 4.58 4.38 5.23 5.30 5.35 5.5  5.77
40 4 4.71 4.62 5.10 5.16 5.26 5.40  5.62
43.5 4.81 4.90 5.001 5.06 5.10 5.29 5.53
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TABLE V. Values of Lmax' AC, and FWHM for the

oa(c) of CZF6 and <£)1nt for C2F6 as a

function of T.

T e ® ao? Fwry® <> P
max int
(K) (ev) (ev) (eV) (ev)
¢ g.3° 2.81° 0.7909
300 3.9 2.3 1.6 0.897
400 3.7% 2.1 1.65 0.982
500 3.6 1.95 1.7 1.084
570 3.5 1.8 1.75 1.162
€50 3.4 1.7 1.82 1.258
750 3.3 1.5 2.0 1.385
c
1610 0.0 2.607
C
3170 0.0 4.972
aimax’ A0, and FWHM are, respectively, the

energy position of the resonance maximum, the
appearance onset, and the full width at half
maximum of the oa(e) for CZF6 at the respective
T.

<s>int 1s the total average vibrational energy
of the molecule calculated as described in the
text.

cExtrapolated values assuming that the behavior
in Fig. 11 holds in the entire T range 0 to
~3200 K.

dZero-point energy determined from Eq. (8)
(see text).
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FIGURE CRPTION:

FIG. 1. Schematic diagram of the high temperature electron swarm apparatus

employed ir the presernt study.

FIG. 2. Total electron attachment rate constant ka as a furiction of the
mean electron energy <¢> for CCL‘F3 at temperatures 30C, 40CG, 50C, 55C,

600, and 700 K.

FIG. 3. Total electron attachment rate constant ka as a function of the
mean electron energy <¢> for C2F6 at temperatures 300, 400, 500, 570,

€50, and 750 K.

FIG. 4. The electron attachment rate constant ka for CC£F3 as a function
of the ratio Na/Nt of the attaching gas number density Na to the total

gas number density Nt for a number of <g>, T, and Nt'

FI1G. 5. The electron attachment rate constant ka for CZF6 as a function
of the rato Na/Nt of the attaching gas number density Na to the total

gas number density Nt for a number of <¢>, T, and Nt'

FIG. 6. Swarm unfolded total electron attachment cross section oa(a) as

a function of ¢ for CCQF3 at 30C, 40C, 500, 550, 600G, and 700 K obtained

from measurements of ka(<£>) in Ar.

FIG. 7. Swarm unfolded ° btal electron attachment cross section oa(c) as

a function of ¢ for C2F6 at 300, 400, 500, 570, o50, and 75( K obtained

from measurements of ka(<£>) in Ar.




FIG. 8. Comparison of the swarm unfoided total attachmernt cross sectiorn

oa(a) for CZF6 at T = 300 K with the total relative cross section for

. . . . /
negative ion production obtained in the electron beam study.

FIG. 9. Negative ion intensity as a function of € for CCLF_ measured in
a time-of-flight mass spectrometric study. (a) Nonunfolded data,

(b) unfolded data (note the multiplication factors).

FIG. 10. Swarrm unfclded total attachment cross section Oa(a) for CCEF3
at T = 30C K in comparison with the relative total negative ion cross
section measured in a beam study (Fig. 9). The beam relative cross
section was normalized to the high-energy peak (at ~5 eV) of the swarm

unifolded oa(a).

FIG. 11. Energy position of the resonance maximum € nax’ the appearance
onset A0, and the full width of half maximum FWHM, of the oa(c), as a
function of T for C2F6.

FIG. 12. Electron attachment rate constant ka versus 1/T for a number of

mean electron energies <g>. (a) CCLF_ and (b) C_F_.

3 2°6

FIG. 13. Plot of the activation energy D versus <g> in dissociative
electron attachment to C2F6' The broken line designated by kT3OO is the
value of kT at T = 300 K.

FIG. 14. Total attachment rate constant, ka’ at the mean electron energy

<g> = 1.5 eV and the average internal energy <£§int (excluding the

zero-point energy <e>z) versus T-l for CZF6 (see text for discussion).
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